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Abstract 
The inclusive production of the neutral strange particles, A, ft and K~, has been 
studied with the ZEUS detector at HERA. The measurement provides a way to 
understand the fragmentation pro cess in ep collisions and to check the universality 
of this process. The strangeness cross sections have been measured and compared 
with Monte Carlo (MC) predictions. Over the kinematic regions of interest, no A 
to ft asymmetry was observed. The relative yield of A and K~ was determined and 
the result was compared with MC calculations and results from other experiments. 
A good agreement was found except for the enhancement in the photoproduction 
process. Clear rapidity correlation was observed for particle pairs where either quark 
fiavor or baryon number compensation occurs. The K~K~ Bose-Einstein correlation 
measurement gives a result consistent with those from LEP measurements. The A 
polarizations were measured to be consistent with zero for HERA 1 data. 
/~ 
ii Abstract 
Abstract in French 
La mesure de production inclusive des particules étranges neutres A, A et K~ avec 
le détecteur ZEUS à HERA permet de comprendre le processus de fragmentation 
dans les collisions ep et de vérifier son universalité. Les sections efficaces de produc-
tion d'étrangeté ont été mesurées et comparées avec les prédictions de simulations 
Monte-Carlo (MC). Dans les régions cinématiques d'intérêt, aucune asymétrie de 
production entre baryons et anti-baryons n'a été observée. Les taux relatifs de pro-
duction entre les A et les K~ ont aussi été mesurés et comparés avec les calculs MC 
et les résultats d'autres expériences. L'accord est en général bon sauf pour un sur-
plus observé dans le processus de photoproduction. De plus, des effects prononcés de 
corrélation en rapidité ont été mis en évidence pour des paires de particules pour les-
quelles la compensation de saveur ou de nombre baryonique est possible. Les études 
de corrélation Bose-Einstein du système K~K~ donnent un résultat consistant avec 
celui des expériences du LEP. Enfin, les polarisations des A se sont avérées compa-
tibles avec zéro pour les données de HERA 1. 
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Chapter 1 
Introduction 
The Standard Model (SM) of particle physics is a very successful theory to describe 
the fundamental constituents of matter and the interactions between them. Ac-
cording to the present understanding, the basic constituents of matter are spin-1/2 
fermions along with their anti-particles. The fermionic family is composed of three 
pairs of leptons (electron, muon, tau and their associated neutrinos) and three pairs 
of quarks (up, down, strange, charm, beauty and top). The interactions among these 
fermions are mediated and described by spin-1 bosons (the spin of the graviton is 
2). The current known four basic forces are strong, electromagnetic, weak and grav-
itational forces. The gravitational force is not included in the SM. Different forces, 
characterizing the type of interactions, are carried by different groups of bosons. The 
neutral photon, "l, mediates the electromagnetic interaction. Three vector bosons, 
W± and Zo, carry the weak forces and eight species of gluons, g, mediate the strong 
force. The SM has successfully predicted the existence of bosons like W±, ZO and 
gluon, and of charm and top quarks, aIl of which make us have more confidence in the 
model. However, the model also faces a few challenges like the inability to describe 
the gravitational force. Therefore the SM is still an incomplete theory in particle 
physics, though successful in many aspects, and awaits further developments. 
From an experimental point of view, there are two revolutionary developments 
which have been made in unraveling the structure of matter during the last cent ury. 
The first one is the famous a-particle scattering experiment on a met al foil, carried 
out by Ernest Rutherford in 1911. This experiment relied on the very basic concept 
that the angular and energy distributions of the scattered point-like test particle are 
1 
2 
related to and can reflect the inner structure of the target. The significance of this ex-
periment is that it clearly showed that the atom has a hard compact component, the 
atomic nucleus. Many years later, nuclei were found to be composed of protons and 
neutrons. This brings our knowledge of the elementary block of matter from atom to 
proton and neutron. The original idea of the Rutherford scattering was proved to be 
marvelously successful and consequently led to the second breakthrough in the later 
sixties at the Stanford Linear Accelerator Center (SLAC). The electron-proton (ep) 
scattering at SLAC is essentially a repetition of the Rutherford scattering experi-
ment but at a smaller scale and with higher collision energy. The experiment carried 
out at SLAC showed that the proton itself has inner constituents, later identified as 
quarks. The quark structure hence draws our understanding further from the proton 
to about a 1000 times sm aller scale, thus mapping the quark content. 
The Heisenberg uncertainty relationship tells us that higher energy is required in 
order to probe smaller size of matter. The st orage rings and synchrotron accelerators 
were developed like HERA at DESY (Deutsches Elektronen Synchrotron) in the 
1990s. The center-of-mass energy of the electron-proton collisions at HERA reaches 
up to 300 GeV compared to 30 GeV in the fixed target experiments. However, 
several new phenomenological issues like the existence of the Higgs bosons and the 
supersymmetric particles challenge the current colliders and wait to be confirmed 
by much higher energy colliders. Given these missions, the LHC (Large Hadron 
Collider) was proposed and constructed at CERN in the past several years. The LHC 
will provide proton-proton head-on collisions at a level of 14 TeV center-of-mass and 
is going to st art operation for physics in 2007. The next proposed collider is ILC 
(International Linear Collider), which is designed for electron-positron collisions at 
a center-of-mass energy of up to 1 TeV. But over one decade is expected to be taken 
from the design to the construction and then to the physics data taking at the ILC. 
The HERA project has been in operation since 1992 with two general purpose de-
tectors, Hl and ZEUS, and two dedicated purpose detectors, HERMES and HERA-
B. The latter two experiments are the fixed target experiments started in 1995 and 
2002, respectively. HERMES was designed for nucleon spin structure studies while 
HERA-B concentrated on CP violation and Beauty physics. 
This thesis is based on the data collected by the ZEUS detector at HERA with 
a total integrated luminosity of 121 pb-l, during the running period from 1996 to 
1 Introduction 3 
2000. The main purpose of thesis is to investigate the inclusive neutral strange 
particle production in ep collisions. With such a wealth of data, many aspects of the 
strangeness production have been measured and compared to the leading order (Lü) 
Monte Carlo simulations or the results from other experiments. The related issues 
of the measurement cover the understanding of the strange hadron production in ep 
collisions and the test of the fragmentation models. 
The thesis is arranged as follows. An introduction is given in this chapter. In 
chapter 2, HERA physics, strangeness physics and the motivations of the thesis are 
presented. The ZEUS experimental setup is described in chapter 3. The detailed 
information about event selection and particle reconstruction is presented in chapters 
4 and 5, respectively. The following chapter 6 explains the Monte Carlo simulations 
used in this work. The experimental results of the measurement and the correspond-
ing discussions are given in chapt ers 7 and 8. Chapter 9 concludes the thesis. 
4 
Chapter 2 
Physics Overview 
The first step towards the theory of the quark components of hadron was proposed 
by Gell-Mann [1] and Zweig [2] in 1964. They assumed that the fundamental con-
stituents of the proton are spin-l/2 particles called quarks. Later observations at 
SLAC in 1968 showed evidence for the existence of quarks in deep inelastic lepton-
proton scattering. In the framework of Quantum ChromoDynamics (QCD), each 
quark possesses one of three possible 'colors' and the interactions between quarks 
are mediated via eight colored gluons. Different from the photon mediator in Quan-
tum ElectroDynamics (QED), the colored gluons in QCD may couple to each other. 
The self-coupling of gluons causes the strong coupling constant Œs to become large 
at a small energy scale and to decrease with increasing energy scale. These are re-
spectively known as the 'confinement' and 'asymptotic freedom' properties of the 
observed behavior of the strong interaction. 
2.1 Kinematics of ep Scattering 
HERA (Hadron-Electron Ring Accelerator) provides collisions between 27.5 GeV 
electrons (or positrons) and 920 GeV (820 GeV until 1998) protons with a center-
of-mass energy of yS c::: 318 (300) GeV. Here s is equal to 4EeEp and the variables 
Ee and Ep represent the electron and proton beam energies, respectively. The ep 
scattering in the standard model is described by the electroweak interaction in terms 
of exchange of two types of intermediate bosons. One is that the electron emits 
an electrically neutral exchange-boson, such as 'Y or ZO particle, to collide with a 
5 
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6 2.1.Kinematics of ep Scattering 
p 
Figure 2.1: An illustration of the HERA kinematies for a lowest or der NC proeess. 
The variables p, k and k' denote the four-momenta of the incident proton, eleetron 
and the seattered eleetron, respectively. 
quark (or gluon) within the proton. This case is labeled as a Neutral Current (NC) 
process. The other case occurs when the exchanged boson emitted from the eleetron 
is a eharged W± particle which eoUides with the proton, consequently leaving a 
neutrino in the final state. This type of interaction is called the Charged Current 
(CC) process. 
An illustration of the HERA kinematics is given in Figure 2.1 in the case of a 
lowest or der (Born diagram) NC process, e(k) + p(p) ~ e'(k') + X. Here X could 
be any final hadronic state. The relevant variables to characterize this pro cess are 
the virtuality Q2, the Bjorken scaling variable x and the inelasticity y. Here the 
virtuality Q2 is the negative square of the four-momentum-transfer of the exchanged 
boson, _q2. The variable x represents the fraction of the proton momentum carried 
by the struck parton in the quark parton model and the inelasticity y is the fraction 
of the electron energy transferred in the proton rest frame. Any two of them are 
enough to describe the pro cess since they are related to each other via Q2 = sxy. 
The definitions of these variables are given below in the absence of QED radiation. 
Q2 _q2 = -(k _ k')2 (2.1) 
Q2 (2.2) x - 2p· q 
q'P (2.3) Y --k·p 
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Here k (k') denotes the four-momentum of the initial (final) electron. At HERA, the 
Q2 extends from rv 0 Ge y2 to values as high as 40000 Ge y2. 
Two kinematic regimes are distinguished according to the magnitude of Q2: the 
Deep Inelastic Scattering (DIS!) pro cess with Q2 values greater than 1 Ge y2 and 
the photoproduction pro cess in which Q2 is negligibly smaH. Here 'Deep' means that 
the photon penetrates the proton deeply and 'inelastic' indicates that the proton is 
broken up. A DIS event is characterized by the proton being probed deeply by the 
point-like virtual photon. 
The photoproduction process is another major area of interest at HERA where 
the time-like exchanged boson carries a very smaH four-momentum transfer, Q2 < 
1 Gey2. In most cases, the exchanged boson is a quasi-real photon rather than 
the heavier mediators like ZO and W±. This is because of the much smaHer four-
momentum transfer in photoproduction compared to the mass of ZO and W± me-
diators. So contributions from weak interactions are significantly suppressed and 
negligible. Since the inclusive ep cross section is inversely proportional to Q4 (see 
Equation 2.6), the photoproduction events, characterized by the smaH Q2, are pro-
duced with a significantly higher rate than DIS events. Based on the early Hl and 
ZEUS measurements, the typical total cross section of ,p events is at an order of 150 
j.J,b [3]. The cross section for DIS events, however, depends heavily on the selected 
kinematic regions and in general no overall cross section is given. 
HERA offers the possibility of doing measurements in phase spaces similar to 
those appearing in both e+e- annihilation and hadron-hadron collision experiments. 
The longitudinal phase space of DIS events at HERA can be divided into three re-
gions, each of which is expected to be dominated by different processes, as shown 
in Figure 2.2(a). The region labeled by 'A' is dominated by the struck quark frag-
mentation and it corresponds to one half of the e+ e- phase space [5, 6] in Figure 
2.2(b). The second region, denoted as 'B' in Figure 2.2(a), is the proton remnant 
fragmentation region which also appears in ,p and pp collisions as shown in Figures 
2.2(c) and (d). The third region is the rapidity region between the struck parton 
and the proton remnant where the color flow evolves, marked as 'C' in Figure 2.2(a). 
This region also exists in both e+e- and hadron-hadron collisions. Because of these 
1 Hereafter, DIS means the NO DIS pro cess unless comparisons between NO and 00 DIS pro-
cesses are made. 
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Figure 2.2: An illustration of the corresponding phase spaces in e+ e-, ep and hadron-
hadron collisions. (a) is the "I*p scattering in the Breit frame, (b) is the e+e- anni-
hilation, (c) is the resolved photoproduction and (d) represents the hadron-hadron 
collisions. 
similarities, the measurements from different experiments in the likely phase spaces 
might hence be reasonably compared to each other. It is noted that studies at HERA 
revealed about 10% of DIS events are diffractive in nature [15, 16] whereby the third 
fragmentation region (C) between proton remnant and the struck quark mentioned 
above do es not exist. 
The dominant photoproduction pro cess available at HERA is hadron-hadron 
like, see Figure 2.2(c): the photon can be resolved into partons and "IP interactions 
are consequently considered as partons from the photon interacting with partons in 
the proton. This is quite similar to the pp collisions in which partons from different 
protons interact with each other, shown in Figure 2.2(d). Based on this argument, 
comparisons of the features between "IP and hadron-hadron collisions are to sorne 
extent reasonable. 
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2.2 Inclusive NC DIS Cross Section 
A general expression used to describe the NC deep inelastic scattering cross section 
will be discussed in the following. Before doing that, it is convenient to introduce 
one more variable which is proved to be useful later. This variable 1J is defined by 
p.q 
v=--
- M' (2.4) 
whereby again pis the proton momentum and q is the four-momentum-transfer. The 
variable M is the proton mass. In the rest frame of the proton, v reduces to 
v = Ee - E~ , (2.5) 
where Ee and E~ are the initial and final electron energies in the laboratory frame, 
respectively. So v can be regarded as the energy transferred from the initial electron 
to the interaction in the proton rest frame. For an inelastic scattering process in 
which the energy and the scattering angle of the scattered electron are E~ and (), its 
inclusive differential cross section can be expressed in terms of two structure functions 
W1(v, Q2) and W2 (v, Q2) in the laboratory frame [7], 
da 47rCl:
2 E~ [ ( 2) 2( / ) (2) . 2( / )] dQ2d1J = ~ Ee W2 1J, Q cos () 2 + 2W1 v, Q sm () 2 . (2.6) 
Here the Cl: is the electromagnetic fine structure constant. The left hand side of this 
equation is from the experimental measurement. The two functions W1 (1J, Q2) and 
W2 (1J, Q2) describe the parton distribution in the proton and control the magnitude 
of the cross section. 
Concerning the CC DIS pro cess , the differential cross section was found to be 
similar to the one for NC DIS events in expression but suppressed in lower Q2 regions 
due to the relative larger mass of the exchanged bosons in CC DIS. The ratio of 
inclusive NC to CC cross sections can be expressed as a function of Q2 [8] by 
(2.7) 
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Figure 2.3: The NC and CC DIS cross section measurements at HERA as a function 
of Q2 [8]. The predictions from the Standard Model are shown in lines. 
The mass effect can be clearly seen from the inclusive NC and CC DIS cross section 
measurements in Hl and ZEUS experiments, shown in Figure 2.3. As anticipated 
from the theoretical predictions, the NC and CC DIS cross sections fan down with 
increasing Q2 and converge at an approximate value of the squared of the mass of 
the exchanged ZO and W± bosons, Q2 f".J 104 Ge V2. 
2.3 Quark Parton Model (QPM) 
The quark parton model is based on the essential assumption that the constituents 
of the proton or neutron are quasi-free point-like objects, partons, and that the 
interaction between the virtual photon and partons is regarded incoherently in ep 
scattering. The DIS cross section is therefore considered to be a sum of the individual 
contributions from each parton [7], 
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(2.8) 
Here fi (x) represents the probability of probing a parton i which carries a fraction x of 
the proton momentum. In 1969, Bjorken predicted that for an elastic scattering with 
a large Q2 and lJ, a simple scaled relationship between Q2 and lJ held, lJ _ Q2 /2M x. 
Here x is caHed the Bjorken scaling variable indicating the structure function itself 
is independent of Q2 (see Equations 2.9 and 2.10). 
After rearranging Equation 2.6 in terms of y and comparing it with the parton 
model prediction on the cross section, Equation 2.8, we get [7] 
lJW2(lJ, Q2) -+ F2(X) = L e~xfi(x) , 
MW1(lJ, Q2) -+ Fl(X) = F2(X)/2x . 
(2.9) 
(2.10) 
Here ei denotes the electric charge of the parton. Equation 2.9 represents the struc-
ture function in terms ofthe parton density function fi(x) while Equation 2.10 is the 
so-caHed CaHan-Gross relation for spin-1/2 partons. Replacing W1 and W2 functions 
with F1,2 (x) and expressing the differential cross section in terms of Q2 and x leads 
to 
(2.11) 
Here the weak structure of the proton is ignored. The above expression can also 
be rewritten in terms of the longitudinal structure function FL(X) and F2(X), giving 
(2.12) 
80 the statement of the CaHan-Gross relation implies FL = F2 - 2xF1 = 0 in the 
parton model. 
2.4 Improved QPM 
Further indications from experiments showed that the three valence quarks in the 
proton only account for half of the proton's momentum and the remaining half is 
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Figure 2.4: Summary of the F2 measurements from HERA and fixed target exp er-
iments. Fim contains only the contribution from virtual 'Y exchange. A Next to 
Leading Order QCD fit is presented as weIl. 
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implied to be related to the electrically neutral partons inside the proton [7]. These 
neutral partons were later identified as gluons at DESY in 1979 [4]. Furthermore, 
Bjorken scaling turned out to be only approximately valid since it breaks down when 
Q2 and x go to the extreme values. This better understanding of the structure of 
the proton made people realize that the dynamics in the QPM is just a reasonable 
rough description of the true one but not exactly. Therefore, improvements to the 
quark parton model are needed. 
The inclusion of QCD effects into the QPM allows for the radiation of gluons 
from quarks and the splitting of gluons into qq pairs and consequently it must account 
for higher orders in Œs. The corrections, associated with an or der of Œ~ to the LO 
diagram (Figure 2.1), are conventionally called the Next to Leading Order (NLO) 
calculations. The NLO calculations are necessary because as Q2 increases, the photon 
resolves not only into quarks but also into gluons. So interactions between quarks 
and gluons become important at larger Q2 or lower x. 
Figure 2.4 shows the proton structure function as a function of Q2 and x measured 
at HERA and fixed target experiments. The F2m measured here contains only the 
contribution from the virtual photon exchange process. For x values larger than 0.1, 
the F2m is nearly independent of Q2. However, as x decreases, contributions from 
the gluon radiation and quark pair creation from gluons can be resolved and become 
larger. Under such circumstances, Bjorken scaling is violated, leading to an increase 
of F2m at small x as Q2 rises. NLO QCD correctly predicts the structure functions 
at aIl x values. 
In addition, gluon radiation from a quark results in a transverse momentum of the 
quark with respect to the original quark momentum direction, which was assumed 
to be collinear with the initial proton beam direction. Changing the direction of 
quarks makes their coupling to the longitudinal polarized photons possible in an 
improved QPM. FL hence may acquire a possibly large value, different from zero, 
and consequently the structure of the proton in the improved QPM involves the FL 
term. 
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2.5 Strangeness Physics 
Perturbative QCD (pQCD) stands for QCD theory in an energy regime where as is 
smaIl and the perturbation theory can be applied. It is very successful in describing 
the hard scattering and hard QCD radiation pro cesses in which a large momentum 
transfer is involved, but it breaks down in processes where a lower momentum transfer 
occurs, for instance in the hadronization process where the final hadrons are formed 
from quarks. 
Heavy quark (charm, beauty or top) production is dominated by direct produc-
tion from the hard interaction of gluon and photon at HERA, and therefore it can 
be described by pQCD. On the other hand, the production of the next relatively 
light quark, the strange quark, can be either from the hard interactions or from 
pure fragmentation processes. Therefore the fragmentation pro cess becomes impor-
tant for strangeness production. In the next section, different strange production 
mechanisms accessible at HERA are described. 
2.5.1 Strangeness Production Mechanism 
Figure 2.5 shows the strangeness production mechanisms in "(*p collisions. Since the 
photon in "(p collisions can fluctuate into a qq pair, an s quark might be resolved 
inside the photon in the photoproduction pro cess as weIl. 
Figure 2.5(a) shows the hard scattering of as sea quark inside the proton. Even 
though there is no 8 valence quark among proton constituents, as Q2 increases, the 
8(8) sea quarks can be resolved by the virtual photon and can be knocked out to form 
a final strange hadron. This production mechanism is expected to become important 
at higher Q2 and lower x. 
The second strange production mechanism is given in Figure 2.5(b), describing a 
coupling of the exchanged boson and a gluon from the proton. This is the dominant 
pro cess for the heavy flavor production, and here it is also a major channel to pro duce 
strangeness. 
The previous Hl [11] and ZEUS [12] publications showed that strangeness pro-
duction occurs dominantly through the hadronization pro cess where the universal 
parton pure fragmentation is considered to take place. The understanding of this 
type of mechanism heavily relies on the phenomenological models. An illustration 
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Figure 2.5: Strange production mechanisms in ep collisions 
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of this pro cess is given in Figure 2.5(c): a parton from the hard scattering pro cess is 
followed by a fragmentation shower in which a SB pair can be created from a gluon 
splitting. Details about hadronization models can be found in Chapter 6. 
The fourth strangeness production channel is the heavy flavor decay, shown in 
Figure 2.5(d). However, due to the larger mass of the heavy flavor of charm and 
beauty quarks and limitation of the production phase space, the strange production 
from this mechanism is already constrained by the low rates of the heavy flavor 
production. 
2.5.2 The Strangeness Suppression Factor 
Since strangeness is dominantly produced during the pure fragmentation process, the 
phenomenological models which are used to describe the non-perturbative nature of 
this pro cess are essential to describe the strange hadron production. 
One successful fragmentation model is the LUND string model [60, 61, 62]. In 
the scheme of this model, strangeness production is controlled by one key parameter, 
the strange suppression factor Às = Ps/Pu, which describes the relative ratio of S 
quark to u( or d) quark production during the fragmentation process. The Às value 
0.3 was found to be appropriate in e+e- annihilation [14, 85, 86] and this value was 
also set to be the default value in JETSET [61, 62]. However, sorne indications [10, 13] 
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show that different values may be needed for different experiments, or a single Às 
value cannot accommodate the data in aU kinematic regions in one experiment [14]. 
Due to this unclear situation, the string model was tuned with two Às values in this 
thesis, 0.3 and 0.22, in order to get a basic idea of how the alternative value works in 
case the other Às fails to reproduce the data. The value of 0.22 is suggested by the 
previous ZEUS publication [80]. One may extrapolate, in comparing to data, from 
the two predictions with different Às values. So in this sense, an extra Às check is 
necessary and meaningful. 
However, one may argue that it would be simplistic to try to fit the data by 
adjusting the parameter Às only in Monte Carlo (MC), provided several other pa-
rameters, for instance the diquark suppression factor and the extra spin-1 diquark 
suppression, etc. in the string model, exist to control st range hadron production. 
This is a good argument, but the original motivation is that a simple check on Às is 
necessary and helpful to understand the strange production during the fragmenta-
tion process. However, it is NOT the purpose of this thesis to tune aU the available 
parameters to find out their best fitting values for HERA measurements, which will 
be le ft for the dedicated MC studies by someone else. Therefore no attempt was 
made to find out the best parameter set to fit the data in this thesis. 
2.6 Physics Motivations of the Thesis 
The Hl and ZEUS collaborations have published a few results on strange hadron 
production, based on the data collected in the first few years of running at HERA 
[9, 10, 11, 12]. These measurements were limited by the low data statistics, from an 
integrated luminosity of 0.6 to 3.0 pb-l, and the restricted scope of the measurements, 
mostly with emphasis on the multiplicity study. As an example, the total integrated 
luminosity was only about 0.6 pb- 1 in the previous strangeness measurements in 
ZEUS and the main results given were the average and differential multiplicities of 
A + A and Kg production [10]. The reconstructed A + A and Kg signaIs in that 
publication are given in Figure 2.6. 
With the wealth of data accumulated at HERA, more precise, more comprehen-
sive and new measurements on strange hadron production have been done in this 
thesis. The total integrated luminosity used in this work is 121 pb-l, tens to hun-
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dreds times as many as what the early measurements used, which definitely led to 
much more precise results. The kinematic regions covered by the thesis are pho-
toproduction, low Q2 DIS and high Q2 DIS regions. These regions were divided 
into subsamples for specifie studies. In this thesis, measurements have been done 
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Figure 2.6: Early ZEUS measurements on K~ and A production in DIS [10]. a) 
shows the reconstructed K~ mass distribution in which the total ~umber of K~ 
signal and background were estimated to be 971 and 150 respectively. The fitted 
mass is 497.4 ± 0.3 MeV. b) shows the reconstructed A + A mass distribution in 
which the total number of signal and background were estimated to be 80 and 18 
respectively. The fitted mass is 1116.2 ± 0.4 MeV. 
extensively on cross section, baryon to antibaryon production asymmetries, baryon 
to meson ratios, rapidity correlations, Bose-Einstein correlations and strange hadron 
polarizations. Many of those measurements were investigated for the first time at 
HERA such as the fireball events, baryon to meson ratios, rapidity correlations and 
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polarizations. 
Since similar phase spaces to the one in e+e- or hadron-hadron collisions can 
be obtained at HERA, it is of interest to examine whether the similarity persists 
between the results in the likely regions. 
According to the results obtained in this thesis, a few of the physics issues listed 
below are expected to be better understood in ep scattering experiments. 
2.6.1 Test of the MC Models 
As discussed in the previous sections, the understanding of the strange hadron pro-
duction relies on the phenomenological models which we currently use to describe 
the hadronization process. On the other hand, experimental data provide a reference 
to test the universality of these models, Le. whether the values of the parameters 
found in one type of experiments are appropriate for the others. After aH, compar-
isons between different experiments will consequently lead to a better understanding 
of strangeness production in the universe. Therefore strangeness measurements in 
different types of experiments are definitely needed, with no exception from ep colli-
sions. With our data, different hadronization models and MC predictions are checked 
and, as a result, constraints on these models are obtained for ep experiment. 
2.6.2 Baryon Number Flow 
The overaH formation of baryons in the final states at HERA must leave the net 
baryon number of + 1 appearing in the initial ep state in or der to conserve the baryon 
number in the whole process. It is of interest to study how the baryon number flow 
transfers from the initial state to the final hadronic states. 
According to QPM, the baryon number of the initial proton is carried by the ud 
di quark. The Monte Carlo study shows that the baryon number flow from the initial 
proton is expected to transport to a very far forward region at HERA, 6 t'V 8 units 
of rapidity, because of the asymmetric beam energies. Since this forward region is 
not covered by the ZEUS main detectors, the measurement on the baryon number 
flow will thus not be reachable in the framework of QPM. 
However, a new so-called gluon junction mechanism [92] predicts that a non-
vanishing baryon number flow can be found even in the central region of the detector. 
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Figure 2.7: Anti-baryon to baryon asymmetries measured at RHIC [17] as a function 
of PT. 
This mechanism can give an A to A production asymmetry which is in an approximate 
agreement [18] with the observation in Au-Au collisions at RHIC [17], as shown in 
Figure 2.7. 
Therefore the baryon number investigations made in this thesis, by studying 
baryon to antibaryon production asymmetry, will serve as a test to these different 
predictions. 
2.6.3 Baryon Production Enhancement 
The relative yield of baryon and meson production tells by which factor baryons 
rather than mesons are produced in a reaction. It is of interest to check this ratio 
in different types of experiments and different collision energies to understand the 
hadron formation. A significant enhancement of the baryon production with respect 
to meson was observed in Au-Au collisions at RHIC [19], shown in Figure 2.8. It was 
found that the AI K~ ratio in a intermediate PT region was quite large and could be 
greater than 1. This enhancement however cannot be predicted and explained by the 
traditional mechanism of fragmentation process. Therefore alternative models exist 
to attempt to describe the large ratio. Furthermore, a similar study from BRAHMS 
collaboration shows that this ratio is enhanced in nucleus-nucleus collisions compared 
to PP collisions [110]. 
20 2.6.Physics Motivations of the Thesis 
x ~ • AuAu200 (STAR) o AuAu130 (STAR) 
2 N-'" AuAu200 (PHENIX) _ pp200 (STAR) 
c 
o 
en ~ 1.5 
-
c 
o 
~ 1 
al 
0.5 
2 4 
PT [GeV/c] 
Figure 2.8: Relative baryon to meson production ratios measured at RHIC experi-
ments [19]. 
As discussed in Section 2.1, HERA covers sorne phase space common to hadron-
hadron collisions. Therefore the baryon to meson relative production measurement 
at HERA facilitates the possibilities to check the dependence of this ratio on the 
type of phase space, and furthermore to see if the similar enhancement to that at 
RHIC happens in elementary particle collisions. 
2.6.4 Dynamics of Hadron Formation 
How hadrons are created, especiaIly how baryons are created, is not weIl understood 
yet, and therefore we rely on phenomenological models to de scribe the process of 
hadron formation. Based on many assumptions made for the hadronization pro cess 
such as the local conservation of quantum numbers, we can check with our data to 
see if the predictions are reasonable or not. 
By studying Bose-Einstein correlations (BEC) between bosons, dynamic infor-
mation about the particle production source like its size can be extracted. A lot of 
work on BEC measurements has been done by different experiments. In this thesis, 
two interesting issues about BEC will be stressed. The first one is the BEC indepen-
dence on Q2 which was proposed by the ZEUS experiment [98]. A picture to show 
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Figure 2.9: The previous BEC measurement results from ZEUS [98]. The measure-
ments were based on the charged pion BEC studies in a wide Q2 region from 0.1 to 
8000 Ge y2 at HERA. The definitions of the radius r and correlation strength À are 
given in Formula 8.2. 
the insensitivity of BEC to Q2 is given in Figure 2.9. This independence supports 
the LUND string fragmentation model in which the BEC is determined only by the 
soft fragmentation process. 
Preliminary BEC measurements on K~K~ have been obtained in ZEUS at Q2 
values larger than 2 Gey2 [97]. For completeness and a check of the Q2 dependence, 
the K~K~ BEC study at a Q2 value extending down to /"va Ge y2 has been performed 
in this thesis. 
The second physics issue addressed from BEC studies in this thesis is the de-
pendence of the radius on the hadron mass. Such trend can be illustrated by the 
BEC results from e+e- data [99], shown in Figure 2.10. In order to obtain a better 
understanding of the dependence, more BEC checks are needed for each of these 
hadron pairs. The thesis provides results from K~K~ BEC studies in ep collisions. 
A further dynamic picture of the hadronization stage can be obtained by studying 
rapidity correlations (RC) of two particles. The early LEP experiments [108] showed 
results to support the local quantum number conservation during the hadronization 
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pro cess which are adopted in the current LUND string model and the cluster model. 
(' The effect resulting from the local compensation of quantum numbers will signify an 
enhancement of the close production in rapidity between particles which have such 
compensation. Therefore the particle rapidity correlations can be used to study the 
local quantum number conservation during the hadronization process. For example, 
in Figure 2.11, the previous DELPHI Re study showed that clear enhancement 
of baryon-antibaryon pair production in the small rapidity difference region was 
observed compared to non-zero baryon number pairs. 
The first check of Re in ep collisions was made in this thesis. Instead of simple 
repetition of measurements as what DELPHI did, the features of the Re were pa-
rameterized here for the first time. These quantitative values characterizing the Re 
were offered to allow comparisons between results from different particle pairs and 
different experiments. 
2.6.5 Strange Hadron Polarizations 
The hadron polarization measurement is used to study spin physics and to under-
stand the formation of hadrons by studying the spin transfer from the beam to the 
final hadrons. The present focus of the polarization studies is mainly on the measure-
ment of the st range particle polarizations. There could be two reasons to explain 
~-
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Figure 2.11: Rapidity correlations on different baryon pairs measured in DELPHI 
[109]. 
why people are so interested in the strange hadron polarizations. These are that 
strange hadrons have relatively light masses and that sorne of them are polarization 
self-analyzing. The light mass makes larger statistics possible and the self-analyzing 
means that the polarization can be measured by studying the distribution of their 
decay products. With the help of a large data sample and easier means of analyzing, 
the spin features of the s quark in the strange hadron can be investigated. 
In this thesis, the A and A polarizations have been investigated with HERA l 
data. Since the HERA l data were produced with unpolarized electron and proton 
beams, the possible contributions of the spin transfer from the electron to the final 
hadrons should not exist. However, one can argue that, even without the spin con-
tribution from the beam, the changing of the s quark kinematic dynamics during the 
pro cess from the s quark creation to the strange hadron formation may also result 
in polarization of the final strange hadrons. Under the current circumstances where 
the underlying physics of the hadron polarization is still in debate, the results from 
ep collisions presented in this thesis may indeed provide a better understanding of 
the polarization. 
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Chapter 3 
Experimental Setup 
HERA, the natural extension of the electron-nucleon fixed target experiments, is the 
first and unique high energy electron-proton collider so far in the world. It started 
to deliver luminosity in 1992 and is expected to remain in operation until mid-2007. 
The physics data used in this thesis were collected with the ZEUS detector, one of 
the two colliding experiments at HERA. 
In this chapter, a general description of the HERA collider and the ZEUS detector 
is presented. Some components of the ZEUS detector which are essential for this 
thesis will be addressed in more detail. 
3.1 The HERA ep Collider 
HERA is a unique high energy ep collider which provides collisions at a center-of-
mass energy above 300 GeV. It was built at a depth of 15-30 m underground in a 
tunnel of 6.3 km circumference at the research center DESY in Hamburg, Germany. 
The construction of HERA began in 1984 and ended in 1991. An aerial view of 
DESY site is given in Figure 3.1. 
After the pre-acceleration with PETRA (Positron-Electron Tandem Ring Accel-
erator), electrons/positrons l and protons are injected into and stored in two inde-
pendent storage rings on top of each other in si de the HERA tunnel. Electrons and 
protons are then accelerated separately one after the other until the desired energies 
1 Hereafter, electron and positron are referred to as electron in a circumstance of an expression 
of ep collision is given. 
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are reached. The ep collisions take place and are detected at two intersecting points 
of the electron and proton beam lines where two general purpose detectors, the Hl 
and ZEUS detectors, are located, in the north and south halls of DESY, respectively. 
Figure 3.1: A bird-eye view of the DESY site. The positions of HERA tunnel and 
PETRA pre-accelerator are outlined as two contours . 
......- Electrons 1 Positrons 
____ Protons 
<iMnl Synchrotron Radiation 
Figure 3.2: The HERA accelerator, PETRA pre-accelerator and the experiments. 
In addition to the Hl and ZEUS, two more fixed target experiments were built 
for dedicated purposes. The HERMES experiment in the east hall was designed 
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Data taking period HERA 1 ZEUS gated luminosity 
1996-1997 27.5 GeV(e+)+820 GeV(p) 38.62 pb-1 
1998-1999 27.5 GeV(e-)+920 GeV(p) 16.68 pb-1 
1998-2000 27.5 GeV(e+)+920 GeV(p) 65.87 pb-1 
HERA II 
2003-2004 27.5 GeV(e+)+920 GeV(p) 40.59 pb-1 
2004-2006 27.5 GeV(e-)+920 GeV(p) 196.83 pb- 1 
2006-2007 27.5 GeV(e+)+920 GeV(p) 128.88 pb-1 
Table 3.1: HERA beam conditions and the ZEUS gated luminosities in different 
data taking periods. Note that luminosity for 2007 is available only for the first two 
months as the thesis is fini shed (as in Figure 3.3). 
to study the spin structure of the nucleon by using the polarized electron beam to 
collide on the polarized gas target. The other fixed target experiment in the west 
hall was the HERA-B pN experiment, whose goal was to measure CP violation and 
B physics. The HERA-B experiment was decommissioned in 2002. The layout of 
HERA and its experiments is shown in Figure 3.2. 
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Figure 3.3: The luminosity delivered by HERA for the 1992-2000 running period 
(HERA l, left) and the 2002-2006 running period (HERA II, right). 
The data sets produced at HERA vary with different running periods due to 
different beam conditions. HERA was initially designed to provide collisions between 
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27.5 GeV electrons and 820 GeV protons. However a more energetic proton beam 
has been used later after a few years of running. Since 1998, the proton energy was 
increased to 920 Ge V while the electron energy was kept unchanged. Furthermore, 
electron and positron beams have been used alternatively for collisions during the 
running period from 1996 to 2006. The information about HERA beam conditions 
and the luminosities gathered for different data-taking periods is given in Table 3.1 
and Figure 3.3. 
A significant upgrade of HERA was done during the long 2000/2001 shutdown, 
aiming to achieve a higher integrated luminosity in the following years. In addition, 
the electron beam was also tuned to be longitudinally polarized with sets of spin 
rotators installed before and after the ZEUS detector. By convention, the physics 
data taking period before the 2001 upgrade is referred to as HERA 1 while the 
postupgrade running period is called HERA II. 
3.2 The ZEUS Detector 
The ZEUS detector is a general purpose detector designed and built to study a wide 
range of physics in ep collisions [21]. The ZEUS coordinate system is a Cartesian 
right-handed system with the origin at the nominal interaction point (IP). The di-
rection of incident proton beam is defined as the positive z direction and y direction 
goes up-wards while x direction points to the center of the HERA ring. The forward 
and backward parts of the detector refer to the regions in positive and negative z 
directions, respectively. Due to the highly asymmetric energy of the incident electron 
and proton beams, the ZEUS detector exhibits a large forward-backward asymmetry, 
with more elements and absorber materials in the forward region than in the rear 
region. Cross sections of the ZEUS detector are presented in Figures 3.4 and 3.5. 
The main parts of the ZEUS detector will be briefly described in sequence from 
the inner components to the out-wards ones in the following. It is clearly seen from 
Figures 3.4 and 3.5 that the innermost part2 of the detector is the Micro Vertex 
Detector (MVD) [20]. The MVD is a silicon-strip vertex detector, installed during 
the 2000/2001 shutdown in or der to improve the resolution of the tracking system. 
2The MVD is placed at the position where the former vertex detector (VXD) was located but 
with much closer to IP than the VXD. The damaged VXD was taken out in 1995. 
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Figure 3.4: Cross section of the ZEUS detector parallel to beam pipe. 
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Figure 3.5: Cross section of the ZEUS detector perpendicular to beam pipe. 
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With it, the measurement of the impact parameters with respect to the primary and 
the secondary vertices is more accurate than before. Note that the MVD information 
is only available for HERA II data. 
The next outer component is the Central Tracking Detector (CTD) with which 
the momenta of the charged particles were measured. An extensive description of 
the CTD will be given in Section 3.2.l. 
Another major constituent of the ZEUS detector is the uranium CALorime-
ter (CAL) which surrounds the CTD. The CAL plays a critical role in the energy 
measurement of particles and jets. Three sections compose of the CAL: the For-
ward Calorimeter (FCAL), the Barrel Calorimeter (BCAL) and the Rear Calorimeter 
(RCAL). More detailed information about CAL will be revealed in Section 3.2.2. 
The CAL is enclosed by an iron yoke which is also referred to as BAcking 
Calorimeter (BAC). In addition to be acting as the return path of the magnetic 
field flux of the solenoid, the yoke is also functioning as a tracking calorimeter and 
muon detector. The dedicated muon detectors are placed both inside (inner muon 
/-- chambers, FMUI, BMUI and RMUI) and outside (FMUO, BMUO and RMUO) of 
the BAC. 
Three other components of the ZEUS detector are also relevant to this analy-
sis. One is the vetowall in the rear region of the detector as shown in Figure 3.4. 
It is composed of iron plates and scintillators and is used to reject proton-related 
background. Another one is the Small angle Rear Tracking Detector (SRTD) which is 
critical for measurement of the scattered electron in deep inelastic scattering events, 
see Section 3.2.3 for details. The last one is the luminosity monitoring detector 
(LUMI) which is placed in z = -107 m upstream of the IP. It is a small calorimeter 
made of lead and scintillators and used to determine the luminosity by measuring 
photons from bremsstrahlung events. More details about L UMI are available in 
Section 3.2.4. 
3.2.1 The Central Tracking Detector (CTD) 
The tracking detectors play a very important role in measuring the direction and 
momentum of charged tracks in experimental particle physics. The ZEUS CTD 
[21, 22, 23, 24] was conceived to detect and identify the charged particles with a high 
precision over a wide range of Q2. 
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Figure 3.6: Cross section of one ZEUS CTD octant. 9 Superlayers are shown with 
their angles W.r.t. z direction. 
The ZEUS CTD covers the polar angle from 150 to 1640 and has a full azimuthal 
angular coverage. Its total active length is 205 cm and its inner( outer) radius is 18.2 
(79.4) cm. It is a cylindrical wire chamber with 9 superlayers (SL), as se en in Figure 
3.6. The sense wires in the five odd numbered layers are set along the beam direction 
while the other 4 even numbered layers have a small stereo angle (±5%). This small 
angle is chosen so that a roughly equal angular resolution in polar and azimuthal 
angles can be obtained. The spatial resolution of the charged tracks is 180 - 190 /-lm 
in the r - cp plane and 2 mm in the z direction. 
The CTD is filled with a gas mixture of 82% Argon (Ar), 13% Carbon-dioxide 
(C02 ) and 5% Ethane (C2H6 ). The gas is ionized, by the passage of a charged parti-
cle, into negatively charged electrons and positively charged ions. Given the presence 
of the electromagnetic field, the electrons move to the positively charged sense wires, 
while the ions drift towards to the negatively charged sense wires. The subsequent 
collection and amplification of the signal pulse creates a detectable signal indicating 
the passing of the charged particle. These signaIs are collected by electronic read-out. 
Before HERA II, the transverse momentum resolution for tracks with PT > 150 
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MeV and passing through at least 3 SLs was given by rJ(PT)/PT = 0.0058· PT EB 
0.0065EBO.0014/PT, where PT is in GeV and EB means terms are added in quadrature. 
The first term is due to the hit position resolution while the second and third depend 
on the multiple scattering inside and before the volume of the chamber. In the data 
analysis, passing through at least 3 SLs is considered to be the minimal requirement 
for a good reconstruction of tracks in ZEUS. The CTD detector provides a position 
reference for the alignment of other components of the ZEUS detector, since it has 
the most accurate information on spatial coordinates during the HERA I period. 
The situation of the resolution changed since the installation of the MVD in 
2001. The influence of the new detector components on the tracking resolution is 
still under investigation. A not yet final approximation of resolution is rJ(PT)/PT = 
0.0026· PT EB 0.0104 EB 0.0019/PT [25] for the combined CTD and MVD system. 
3.2.2 The Uranium Calorimeter (CAL) 
Calorimetry is used for energy and position measurements in particle physics. The 
energy of particles can be detected via the showers generated by interactions of the 
particle in the absorption medium, whereby aIl or part of the kinetic energy of the 
particle is deposited. With the help of a series of electronic apparatus, the deposited 
energy will be converted into the detectable signal, and thus the information like 
energy, position and angular orientation of the initiating particle is obtained. The 
ZEUS calorimeter [21, 26, 27] is a compensating calorimeter built up from depleted 
uranium3 and scintillator plates. In practice, it is divided into three components: 
• The forward calorimeter (FCAL) covering polar angles from () = 2.2° to 39.9°; 
• The barrel calorimeter (BCAL) extending from () = 36.7° to 129.1°; 
• The rear calorimeter (RCAL) covering from () = 128.1° to 176.5°. 
Figure 3.7 shows the three sub-components of the calorimeter and their polar 
angle coverages. Longitudinally each calorimeter components is subdivided into two 
sections. The inner part is called the Electromagnetic Calorimeter (EMC), which 
leads to the Forward EMC (FEMC), the Barrel EMC (BEMC) and the Rear EMC 
.r' (REMC) in each corresponding component of the CAL. The thickness of an EMC 
3U238 (98.1 %)+Nb(1.7%)+U235 (.2%) 
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Figure 3.7: Three different components of the calorimeter and their polar angle 
coverages. 
section is about 25 X 0 (t'V V,), w here X 0 is the radiation length and À is the interaction 
length. The outer section, named the Hadronic Calorimeter (HAC), has a depth 
varying from t'V 3À to t'V 7À. The HAC is made up of three subparts as well, namely 
the FHAC, BHAC and RHAC. 
FCAL and RCAL - The FCAL and RCAL have a similar structure, each of 
them is divided into 23 modules. A FCAL module is displayed in Figure 3.8. AH 
these modules are segmented into towers, which are further segmented longitudinally 
into electromagnetic and hadronic cells. In each tower, the depleted uranium (DU) 
and scintillator plates are placed alternatively. The scintillator light of each cell is 
read out by the wavelength shifters on both si des of the module and is transported to 
two photomultiplier tubes (PMT) located at the back of the tower. The light signal 
is read out by the PMT's in a way of converting the light signal into an electrical 
signal. 
BCAL - The BCAL is a cylindric calorimeter where the IP is located on its axis. 
The cylinder extends from an inner radius 123.2 cm to an outer radius 229.6 cm. 
It includes 32 wedge-shape modules in total, each one spanning 11.250 in azimuth. 
AH module are tilted by 2.50 in the azimuthal plane so that all the non-projective 
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Figure 3.8: Schematic view of a FCAL module in ZEUS. 
particles will be detected without escaping through the gap between modules. 
The main features of the ZEUS calorimeter are: 
• Hermeticity - a maximal solid angle coverage of the IP, 99.8% in the forward 
hemisphere and 99.5% in the backward hemisphere; 
• Good energy resolution - a very efficient detector to measure energy for 
electrons and hadrons. The thickness and nature of the absorber and of the 
active material has been chosen in a way to obtain the equal energy response 
to electromagnetic and hadronic showers within 1 f'.I 2% uncertainties (e/h = 
1.00 ± 0.02). We get Œ(E)/E = 18%/VE for electromagnetic showers and 
Œ(E)/ E = 35%/VE for hadronic showers, where E is given in GeV; 
• Fast readout - The CAL must be able to handle the 10.4 MHz of the bunch 
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crossing rate with a very short dead-time, see Section 3.3; 
• Excellent time resolution - a guarantee of high level of rejection of back-
ground due to co smic ray and beam gas interactions. The time resolution of 
the ZEUS CAL is better than 1 ns if the deposited energy is above 4.5 GeV. 
Various means are available in ZEUS, for example using cosmic rays, depleted ura-
nium activity, laser and charge injection, to calibrate the calorimeter. The full elec-
tronic calibration of the voltage of the PMT's, of the Analog to Digital Converters 
(ADC) and of the electronic readout heavily depends upon the stable and indepen-
dent natural radioactivity of uranium. Additionally, the readout electronics can be 
constantly calibrated with other calibration methods like charge injection and LED 
pulses. 
3.2.3 Small Angle Rear Tracking Detector (SRTD) 
The ZEUS SRTD [29] is designed to improve the measurement of the scattered 
electron and other charged particles in a small rear angular coverage (162° - 176°) 
with respective to the incident electron beam direction. It is positioned at z = -1.48 
m from the nominal IP. 
In the active part of the SRTD, the 1-cm wide scintillator strips are arranged in 
two overlapping layers, one containing horizontal, the other vertical strips. It covers 
the region of about 68 x 68 cm2 in x - y plane, except the 20 x 20 cm2 cutout in 
the center of the beam pipe. The scattered electron position can be measured with a 
resolution of 3 mm in this plane, equivalent to an angular resolution of 0.12 degree. 
3.2.4 Luminosity Measurement (LUMI) 
The luminosity measurement is quite critical for cross section determination so that a 
precise measurement of luminosity is necessary and essential in experimental particle 
physics. In ZEUS, the luminosity monitoring is the detection in coincidence of an 
electron and of the photon emitted from the electron at a very small angle in the 
Bethe Heitler [30] bremsstrahlung pro cess ep -t e',p [31, 32]. The luminosity is 
determined by .c = N / a, where N and a are the number of events and the cross 
section of this process, respectively. The a is weIl calculated and known to a precision 
of 0.5%. 
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Figure 3.9: Luminosity monitoring system at ZEUS. Shown are the electron calorime-
ter (lumi-e), the photon calorimeter (lumi-')') and the electron tagger at z= -44 m. 
The ZEUS luminosity monitoring system includes two separate and independent 
small calorimeters detecting the outgoing electron and photon respectively, as shown 
in Figure 3.9. The electron detector is located at z = -35 m, downstream of the 
/--, lepton beam and is labeled lumi-e. The other one is the photon calorimeter at z = 
-107 m away from the IP and is labeled lumi-')'. A small electron calorimeter, located 
at z = -44 m, is also shown in Figure 3.9. It is used as a photoproduction tagger. 
The bremsstrahlung photon travels at a very small angle with respect to the 
beam direction and leaves the beam pipe after about 80 m flight from the IP, where 
the proton beam pipe bends towards to the center of HERA. After another few meters 
flight, the photon is detected in the photon calorimeter at z = -107 m away from 
the IP. The electron is deflected out of the beam pipe by a magnet and subsequently 
detected by the electron calorimeter at z = -35 m. The achieved precision on the 
luminosity measurement is 1.5-2.2%. 
3.3 Trigger and Data Acquisition System 
The majority of events in ZEUS which can cause a signal originate from backgrounds 
rather than the ep collisions of interest. Sources of these background events can 
be due to the synchrotron radiation by the electron beam, beam gas, beam pipe 
interactions or co smic ray initiated events. The dominant one is the beam gas process. 
Since the amount of information is far beyond the physical limitation of the record 
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and storage, the ZEUS trigger system takes the responsibility of effectively selecting 
interesting physics events and ensuring a practical record rate. 
The beam bunch crossing every 96 ns at HERA leads to about la MHz crossing 
rate per second. Although each crossing do es not ensure a collision to happen, 
typically a huge background due to beam-gas interaction will be produced at a rate 
of la to 100 KHz. It turns out that the ep collision events generally account for 
only a small fraction of the total events. Concerning such high production rate from 
background, it is impossible and unnecessary to record each event. Therefore, a 
three-Ievel ZEUS trigger system was designed. It reduces the event rate one level 
after the other from rv 100 KHz at the beginning to a few Hz in the end. 
3.3.1 First Level Trigger (FLT) 
The FLT system has to strongly suppress background and to reduce the signal out-
put below 1KHz for the Second Level Trigger system. Each component of the ZEUS 
detector is equipped with FLT electronics. Each FLT provides a fast trigger infor-
mation based on such properties as energy sum, thresholds or timing information 
and passes its decision to the Global First Level Trigger (GFLT) system. 
For every bunch crossing, all data are stored in a 5 /-Ls pipeline. Each FLT makes 
its decision between 1.0 to 2.5 /-LS after the crossing occurred and another rv 1.9 /-LS 
(about 29 bunch crossings) is needed for the GFLT to take information from each 
FLT and distribute its decision back to each component. Therefore the GFLT is 
issued exactly 46 crossings, or 4.4 /-Ls, after the crossing that produced it. The events 
that satisfy the GFLT logics will pass to the SLT while the rest is discarded. 
The main backgrounds are due to beam gas and cosmic interactions at this stage 
and all of them can be reduced with the energy sum thresholds from the CAL and 
the CTD z-by-timing information. 
3.3.2 Second Level Trigger (SLT) 
The SLT is a parallel transputer network which aims to reduce the event rate by a 
factor of 10. Each detector component has its own SLT processor like in FLT. All 
the individu al SLT informations are sent to the Global Second Level Trigger (GSLT) 
after the processing. The event quantities are recalculated to a higher degree of 
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precision at this stage. The beam gas background is rejected on the basis of the 
CAL timing information. Sorne other information like the ET and E -- Pz are weIl 
determined. The satisfactory events are sent to the event builder. 
3.3.3 Event Builder (EVB) 
After accepting the GSLT decision, the EVB collects information about the event 
from aIl components of the detector and organizes the information in a standard data 
format which is ready for next level trigger analyzing and data st orage as weIl. 
3.3.4 Third Leve} Trigger (TLT) 
At the TLT level, a fully reconstruction of events is performed on the basis of the 
information available from the EVB. And the output rate is l'V 10 Hz compared to 
the input rate of about 100 Hz. In addition, the particular classes of ep interactions 
of interest are identified at this stage for future investigation. 
If an event is accepted by TLT, the event will be written to disk for further omine 
reconstruction and data analysis. 
3.4 Expectations and Challenges for HERA II 
The HERA 1 operation ended up with a successful conclusion of completing luminos-
ity delivery of 190 pb-1 in 2000. In order to obtain more luminosity for the second 
running phase, HERA has undergone an important upgrade in the 2000/2001 shut-
down period. Meanwhile sever al major improvements have been made to the ZEUS 
detector. New components such as the MVD, the STT (Straw Tube Thacker) and 
a new luminosity monitor were installed while sorne other components like the FPC 
(Forward Plug Calorimeter) and the BPC (Bearn Pipe Calorimeter) were removed. 
Many challenges also come up due to the upgrades. Considerable efforts have 
been made to understand vacuum conditions, proton background and the dead ma-
terial effects in the new system in ZEUS. The conditions steadily improved during 
the 2004 running period. The first results for HERA II data were presented to the 
ICHEP2004 conference in Beijing and much more exciting results are expected be 
coming up for HERA II data in the coming years. 
Chapter 4 
Event Reconstruction and 
Selection 
The purpose of this thesis is to measure the inclusive neutral strangeness production 
in the pro cesses 
"(*b)p -+ AX, 
"(*("()p -+ J(~X 
(4.1) 
(4.2) 
for DIS (mainly "(*p interactions) and photoproduction bp interactions) events. The 
corresponding event reconstruction and selection for different phase spaces are given 
in this chapter. 
The reconstruction of the event variables is introduced in the first part of this 
chapter. Then both online and omine cuts used to select events are described. Since 
several measurements in this thesis have been further investigated in certain spe-
cifie sub-samples, additional explanations on the division of the event sample are 
addressed in the end. 
4.1 Event Reconstruction 
The method used to reconstruct the event variables varies depending on the event 
feature and the detector response to the event. For instance, the initial electron will 
be scattered with a large angle W.r.t. beam pipe direction for a typical DIS event 
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and subsequently it can be detected by the main components of the ZEUS detector. 
In this case, the event variables are better extracted with the precise knowledge of 
the scattered electron or/and the total hadronic final system. In contrast to DIS, 
photoproduction is characterized by the scattered electron undetectably escaping the 
main detectors, and thus lacks the information about the scattered electron for event 
reconstruction. Instead, the determination of event variables in photoproduction 
heavily relies on the measurement of the total hadronic final system. 
4.1.1 Electron Finder 
Before going forward to the specifie reconstruction methods, the knowledge of how 
to identify and measure electrons in ZEUS should be clear first, since it is crucial 
for event identification and reconstruction, especially for DIS events. The standard 
approach available in ZEUS is a specialized electron finder named as Sinistra [33, 34] 
from which a high efficiency and purity of the electron reconstruction can be achieved. 
Sinistra is a neural-network based electron finder. The logic of this algorithm is to 
train itself first with MC studies to get knowledge of shower properties of electrons 
and hadrons in the CAL in term of a set of parameters. With the help of these 
parameters, in turn, a shower appearing in the CAL in the real data can be identified. 
The output variables in this algorithm can be interpreted as the electron finding 
probability, electron energy, event variables like x, Q2 and y, etc. 
4.1.2 Jet Reconstruction 
One of the important physics phenomena at HERA is jet production. Because of 
the QCD color confinement, the colored partons, quarks or gluons, are however not 
observable directly in the experimental environment. The original information of 
the colored partons has already been smeared by the high order QCD effects and 
hadronization processes. Nevertheless the small amount of transverse energy created 
in the hadronization pro cess is assumed to not affect the important properties of 
the underlying partonic process. Provided the momentum of the primary parton is 
sufficiently high, the hadrons resulting from it form a collimated flow of particles 
observed in the detector, called jet. Hence the jet topology is expected to be related 
to the partonic dynamics of the hard interaction. This is the basic ide a behind jets. 
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Although no direct jet measurement has been done in this thesis, the cuts associated 
with jets in photoproduction pro cess make a short description of jet reconstruction 
necessary. 
The algorithm used to define jets in this thesis is a standard ZEUS jet recon-
struction package, called the longitudinal invariant kT algorithm [39, 40]. In the 
ZEUS coordinat or reference system, an unidentified energy object i in the CAL can 
be parameterized by an azimuthal angle (Pi, a pseudorapidityl 'T/i, and a transverse 
energy ET,i' The algorithm starts with a list of such objects and an empty list of 
jets. It proceeds recursively as follows 
1. Two variables are defined first for later use. These are 
di - ET2 . ,~ (4.3) 
(4.4) 
where di is the distance of object i to the beam and dij is the relative dis-
tance between two objects. Ris the radius parameter of the jet algorithm and 
assumed to be one here. 
2. In step 1, the smallest distance value out of di and dij is found and the value 
is assigned to a new variable, dmin . 
3. In step 2, if dij was found to be the smallest, the objects i and j are then 
merged as a new object, for example k. The variables CPk, 'T/k and ET,k are 
calculated to characterize the new object k according to 
ET,k ET,i + ET,j 
CPk - [CPiET,i + CPjET,jJ/ ET,k 
(4.5) 
(4.6) 
(4.7) 
When going back to step 1, the distances of the new object k, for ex ample dk 
and dkl , will be calculated as what object i did there. The l represents another 
object in the remaining objects in the list. 
Ithe definition of pseudorapidity is 'Tf = -ln[tan(B /2)], where B is the polar angle of the particle 
in the ZEUS coordinator reference system. 
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4. In step 3, if d min is di, the object i will then be removed from the list of objects 
and be added as one jet in jet list. 
5. One loop is fini shed and a new one will start by going back to step 1. Such cycles 
will continue until the smaHest value among di and d ij is above a threshold d cut . 
The dcut represents an energy scale at which A 2 « dcut « s is satisfied, where 
A is the QCD scale (at a level of 200 MeY) and Vs is the center-of-mass energy 
('" 300 Ge Y at HERA). In this analysis dcut is set to 1 Ge y 2 • 
Once the loop over aH the objects is fini shed , a list of jets is formed wherein the 
jet information about the transverse energy, azimuthal angle and pseudorapidity are 
stored. Since it is not necessary in this the sis to use aH the jets in an event, only the 
two which have the highest E~t are considered. 
4.1.3 DIS Event Reconstruction 
There are several methods available in ZEUS to reconstruct the DIS event variables. 
No attempt is made to introduce all those methods except those which are generally 
used and related to the measurements in this thesis. Three methods, namely Electron 
method (e), Jacquet-Blondel method (JB) [36] and Double Angle method (DA) [37, 
38], are reviewed: 
• Electron method (e) 
This method depends exclusively on the measurement of the scattered electron. 
The event variables are defined as 
2EeE~(1 + cas(Je) , 
E' 
Ye - 1 - _e (1 - cas(J ) 2Ee e , 
Xe = 
Q~ 
(4.8) 
(4.9) 
( 4.10) 
The variable Ee (E~) represents the energy of the initial (final) electron and (Je 
is the polar angle of the scattered electron. The electron method has a very 
good resolution at large y where the scattered electron can be weIl detected by 
the CTD and CAL. However this method has a poor X resolution at smaller y 
and needs large radiative corrections. The subscript 'e' identifies the electron 
reconstruction method. 
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• J aequet-Blondel method (JB) 
This method relies entirely on the measurement of the hadronie final system, 
hence it is also named the hadron method. The event variables reeonstrueted 
from this method are deseribed in the following: 
Ohad - Ehad - Pz, had (4.11) 
Ohad ( 4.12) YJB --2Ee 
2 
Q~B PT,had ( 4.13) 1- YJB 
Q2 
(4.14) XJB -
sYJB 
Here Pz, had is the longitudinal momentum of the hadronic final states and Ohad 
is the sum over energy and longitudinal momenta of aIl CAL ceUs. This method 
is sensitive to the calorimeter noise at relative sm aller y and the energy loss in 
the rear beam pipe direction at larger y. Also a good understanding of energy 
seale and energy losses in inactive material is needed. The JB method is not 
very sensitive to the radiative corrections . 
• Double Angle method (DA) 
This method takes information from both the seattered electron and hadronic 
final system for event variable reconstruction. The definition of the event vari-
ables is given below. 
cos)' -
XDA = 
2 .. 2 PT, had - Uhad 
P~, had + O~ad 
4E2 sin)'(1 + cos Be) 
e sin)' + sin Be - sin( Be + )') 
Ee sin)' + sin Be + sin( Be + )') 
Ep sin)' + sin Be - sin(Be +)') 
( 4.15) 
(4.16) 
(4.17) 
Here )' is the polar angle of the scattered electron in the simple picture of 
electron-massless quark reaction eq ---t eq. This method relies less on the energy 
scale than the JB method does, but small radiative corrections are necessary. 
The resolution is poor for smaller values of y. 
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A mixture of these three methods was used for reconstruction of the DIS event 
variables in this thesis, depending on which one is appropriate in the specific kine-
matic regions considered. 
4.1.4 Photoproduction Event Reconstruction 
The photoproduction process is characterized by the quasi-real exchange photon and 
a very small four-momentum-transfer, Q2 ~ 0 GeV2 • The scattered electron will 
escape the main detector without being detected in this pro cess. So the event recon-
struction methods relying on the scattered electron finding will not be suit able any 
more in photoproduction process. However, the JB method introduced in Section 
4.1.3 totally relies on the hadronic final states, so the event variables can be deter-
mined this way. In this thesis, photoproduction variables are then calculated with 
the JB method. 
p 
(a) (b) 
Figure 4.1: Examples of leading order diagrams in photoproduction process, (a) for 
direct process and (b) for resolved process. 
The leading order photoproduction can be separated into two subprocesses ac-
cording to the manner in which the photons interact with the partons in the proton. 
The photon may interact directly with a parton in the proton as what Figure 4.1(a) 
shows, which is tagged as direct process, or the photon can be resolved as a source 
of partons and one or more than one parton take part in the interaction with the 
proton, as shown in Figure 4.1 (b ), which case is called resolved process. 
The fraction of the photon energy involved in the hard scattering pro cess can not 
be determined directly at the partonic level due to the confinement effects. Therefore 
no direct way exists to separate the direct and resolved processes. Based on the 
correlation between the scattered parton and the jets mentioned ab ove , the possible 
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Figure 4.2: The X~BS distribution reconstructed in the dijet analysis in ZEUS [45]. 
The data (points) are compared to the predictions from a few Monte Carlo models, 
HERWIG (dotted line) without multiple interaction mechanism (MI) [54], HERWIG 
with MI (solid line) and PYTHIA with MI (dashed line). 
approaches to make such a division are discussed in [41, 42, 43, 44] in an experimental 
point of view. The separation is then suggested to be made according to the following 
variable, 
(4.18) 
where L: runs over the first two highest E~t jets and y Ee = By represents the 
energy of the photon participating in the interaction. The variables E~t and 7]j et 
are the transverse energy and pseudorapidity of the jet respectively. Thus X~BS is 
used to represent the fraction of the photon energy carried by the two highest E~t 
jets. Practically, X~BS will not be exactly one for the direct process due to the 
higher orders and hadronization effects. In ZEUS, the convention is to define the 
events with X~BS > 0.75 as the direct-dominated process and the rest as the resolved-
dominated one [45]. An example of the X~BS distribution which was determined in 
a dijet measurement in ZEUS [45] is shown in Figure 4.2. 
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4.2 Event Selection 
The data used in this thesis were collected by the ZEUS detector during the data-
taking period from 1996 to 2000. The total integrated luminosity is 121 pb-l, of 
which 82 pb-1 corresponds to a center-of-mass energy of Vs ~ 318 GeV and 39 pb-1 
to a lower Vs ~ 300 Ge V. 
The chain of full event selection consists of two main steps: online filtering and 
offline selection. The triggers applied online are used to select specific interesting 
events while dramatically reducing the background event rate. In addition, specific 
interesting events can be selected omine with more advanced and stricter cuts. 
4.2.1 Online Preselection 
A three-level trigger strategy has been adopted in ZEUS to pick the interesting 
physics events. The trigger system used in this analysis is actually a logical com-
bination of many binary decisions out of three-level triggers. In the following, a 
description of the selection criteria used at each stage of the trigger system is given. 
The trigger configurations were different for the three different kinematic regions 
discussed in this thesis. AlI of them are discussed separately below. 
The DIS Thigger Configuration 
The filters applied in the FLT and SLT aim to select physics events while strongly 
reducing the backgrounds for a general purpose, so the criteria used are rather loose. 
In the following, the detailed information of these filters for DIS event selection is 
described first. 
• FLT: There are many global vetoes to reject the obvious non-ep events, for 
instance, to reject the events with a wrong timing from the C52 counters or the 
identified beam gas events with the SRTD timing information. In addition, at 
least one of the further requirements listed below must be fulfilled [46, 47]: 
- the total electromagnetic energy in the CAL exceeds 15 GeV; 
2The C5 counter is a small detector located 1.2 m (3.15 m before the 2001 upgrade) from the 
nominal IP in the electron flight direction. It is made of two layers of scintillator sandwiched 
between three lead sheets. It detects particles outside of the beam pipe produced mainly by beam-
gas interactions. 
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- the total transverse energy deposited in the CAL is larger than 18 Ge V 
or 11.5 GeV if a track in the CTD is found; 
- an isolated electromagnetic energy deposit in the RCAL. This condition 
requires either that the deposit be greater than 2 Ge V or that a signal in 
the SRTD and a track in the CTD are needed, or that the total energy 
deposit in the CAL exceeds 18 GeV when a track is present in the CTD; 
- an isolated electromagnetic deposit larger than 4.8 Ge V in the BCAL and 
a track in the CTD; 
- an isolated electromagnetic deposit larger than 3.4 Ge V in the RCAL and 
a track in the CTD. 
• SLT: At this stage, the background events from photoproduction are removed 
by requiring a few GeV's energy deposited in the electromagnetic calorimeter 
(2.5 GeV in the RCAL or BCAL, or 10 GeV in the FCAL) or E - Pz + 
2 * E~UMI > 29 GeV. Here E~UMI is the energy deposition in the photon 
calorimeter in the luminosity monitoring system . 
• TLT: Two different TLT slots, DISOl and DIS03 [46], are used to select the 
low Q2 and high Q2 DIS events, respectively. At this stage, these two triggers 
are subject to a few common cuts like E - Pz + 2 * E~UMI > 30 GeV and 
E - Pz < 100 GeV. Beside these common requirements, further dedicated 
configurations of DISOl an DIS03 are given in the following. 
- DIS01: it has a prescale on the accepted events of l, 1/10th or 1/100th, 
varying during different running periods. In addition, it also requires that 
the scattered electron with the energy above 4 Ge V should be outside of 
a box region of 24 x 12 cm2 in the RCAL. 
- DIS03: the scattered electron with energy above 4 GeV should be at least 
26 cm (36 cm) away from the beam pipe in the x - y plane of the RCAL 
for the running period 1996-1997 (1999-2000). 
The Photoproduction Trigger Configuration 
The trigger logic to select photoproduction events is described in the following. 
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• FLT: The requirements at this stage are quite similar to ones described in DIS 
events section, but there is no requirement on the scattered electron finding in 
the CTD or SRTD any more. 
• SLT: According to the definition of the 'High ET' trigger [50], a total E - Pz 
above 10 GeV in the CAL is required and the ET in all the CAL cells, excluding 
the inner ring of the FCAL, should be above 8 GeV. 
• TLT: A dedicated HPP14 dijet trigger [50] is used in this thesis. During the 
running period from 1996 to 1997, the HPP14 is defined as a dijet trigger: each 
jet has a E~t above 4 GeV and the pseudorapidity is limited to 1171 < 2.5. An 
extra cut on the dijet invariant mass, which should be greater than 16 GeV, 
is required sin ce 1998. Before 1998, there was not any invariant mass cuts on 
the dijet system. After June 1999, all the cuts were kept unchanged except a 
stricter E~t cut whereby a minimum value of 4.5 GeV was required. 
4.2.2 Deep Inelastic Scattering 
A DIS event is characterized by the scattered electron being detected in the CAL, 
balanced by jets in PT. The scattered electron is identified with a neural network, 
based on the deposited energy in the CAL as what was discussed in Section 4.1.1. 
Specifically, the following requirements have been applied omine to select DIS events: 
• 5 < Q~A < 25 Ge V2: The events selected in this Q2 range are tagged as the low 
Q2 DIS events while events in Q~A > 25 GeV2 range are called the high Q2 DIS 
events. The Q2 separation allows the dependence of many measurements on 
the hard scattering pro cess to be investigated. In addition, events in the two 
Q2 ranges differ from each other on prescale values as discussed in the previous 
section, giving another natural reason for the splitting of the data. The lower 
limit value of 5 GeV2 is chosen so that a good description of the data by MC 
samples can be obtained; 
• a scattered electron was found with energy above 10 GeV. This cut ensures a 
good understanding of the electron finding process and a good fin ding efficiency. 
The presence of the scattered electron in the main detector also suppresses the 
photoproduction background; 
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• IZvtxl < 50 cm to reduce background from non-ep collisions, most of which 
are the beam-gas background events or cosmic interactions. Here Zytx is the 
Z coordinator determined from the track and vertex reconstructions with the 
CTD. In the case of no tracking reconstructed primary vertex, the average Z 
vertex position was assignedi 
• YJB > 0.02 to improve the accuracy of the DA reconstruction. In or der to 
obtain a good reconstruction using the DA method at the smaller y region, a 
requirement on the total hadronic system was imposed by applying this cut. 
Therefore the event variables reconstructed from the DA method, using infor-
mation from both the scattered electron and hadronic system, can be improved 
with a better knowledge of the hadronic system of the eventi 
• Ye < 0.95 to remove events where fake electrons are found in the CAL. Ac-
cording to the definition Ye = 1 -11t(1 - COS(}e) , the upper limit of Ye can be 
obtained to be about ",0.95 when E~ is the minimum energy of 10 GeV and 
(}e is the maximum polar angle of the CTD, between ",0.3 and 2.6 (in rad). 
Therefore a Ye larger than 0.95 is not resulting from the real scattered electroni 
• 38 < 0 < 65 GeV, where 0 = 'L-i(Ei - Pz,J The sum runs over the energy 
and longitudinal momentum of aIl CAL cells. Note that 0 defined here differs 
from Ohad in Formula 4.11 of the JB method. Ohad excludes the contribution 
from the scattered electron while 0 here includes it. This cut removes events 
with large initial-state radiative corrections and further reduces the background 
from photoproductioni 
• the impact position of the scattered electron is required to be outside a box 
of dimension 26 x 14 cm2 on the RCAL around the beam pipe. This cut 
is usually called the "box cut". It ensures that the impact position of the 
scattered electron is at least 2.5 cm away from the edge of the RCAL so that 
a total containment of the electromagnetic shower in the RCAL is guaranteedi 
• to further reduce the photo production background, an isolated electron was 
selected only if the energy from aIl CAL ceUs, which are not associated with 
the scattered electron but within an 17 - cp co ne of radius 0.8 centered on the 
electron, is not above 5 GeV [48]; 
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• an electron track is required if the electron was found in the main detector 
region or outside this region but with 8 > 44 GeV. The main detector covering 
polar angle is 0.3 < () < 2.6 in rad (17.20 < () < 1500 in degree). This cut can 
further suppress the non-ep interaction and photoproduction events. 
The trigger for the low Q2 DIS event selection was often prescaled. After prescale, 
the 1996-2000 data corresponds to an effective luminosity of 16.6 pb- l . 
The same selection criteria were used to select the high Q2 DIS events, except 
for the cuts on Q2 and the position of the scattered electron, which were instead as 
follows: 
• an event was accepted only if the impact position of the scattered electron on 
the ReAL satisfied vi x2 + y2 > 36 cm. 
r-. It should be noted that there is no jet requirement in the selection of the DIS events. 
4.2.3 Breit Frame in DIS 
Sorne work in this thesis has also been performed in the Breit frame, so a short 
description of the Breit frame is necessary. The Breit frame is defined as a reference 
system where the exchanged photon and the proton are collinear, and the virtual 
photon does not have energy or transverse momentum. In this frame, the photon 
only has a z-component momentum with a value of Q. Therefore its four-momentum 
can be expressed by P"{ = (E,p;) = (0,0,0, Q). A scheme of this frame is given in 
Figure 4.3. 
In the QPM, the incoming quark absorbing the virtual photon does not change 
its energy and transverse momentum, but just reverses its longitudinal momentum 
with the same magnitude. The quark feels like if bounced back off a brick wall with 
the exact same momentum but opposite sign. So the Breit frame is also called the 
brick wall system. The quark brings a four-momentum of Pq = (Eq, 0, 0, xpP) before 
the absorption of the photon and (Eq, 0, 0, -xpP) after the absorption. Here xpP 
is the fraction of the proton momentum carried by the quark. The conservation of 
momentum of the system leads to the scaled momentum variable xp = -Q/2P. 
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Struck quark 
p 
Current region Target region 
Figure 4.3: An illustration of the Breit frame at HERA. The current region, Z < 0, 
contains the outgoing quark, while the target region refers to the region Z > ° 
containing the scattered electron and proton remnant. The initial proton, proton 
remnant, struck parton and the exchanged boson have only z-component momentum 
in the Breit frame. 
Experimentally the DIS events are boosted and then rotated so that the virtual 
photon is along the negative z axis - this is to maximize the separation of the struck 
parton from the outgoing electron and the proton remnant. The region of z < ° in 
this frame, containing the outgoing quark, corresponds to the current region (CR) 
while the target region (TR) refers to the region z > 0 containing the scattered 
electron and proton remnant. 
The advantage of using the Breit frame is in that it can clearly separate the 
different contributions from the struck quark and the proton remnant. In the QPM, 
the outgoing struck quark in the current region would be analogous to one hemisphere 
of an e+ e- annihilation event. Thus measurements in the Breit frame in ep collisions 
provide an appropriate reference frame to compare with the e+ e- measurements. 
4.2.4 Photoproduction Process 
Photoproduction events were selected by requiring that no scattered electron can-
didate was identified. Furthermore, the following omine selection criteria were also 
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imposed: 
• IZvtxl < 50 cm, to reduce background from non-ep collisions due to the beam 
gas or cosmic ray; 
• YJB > 0.2, to further reduce background from non-ep collisions; 
• Ye > 0.85. This cut is used to reduce the risk to reject photoproduction events 
which are wrongly considered as DIS events. This can be the case for some 
final pion, electron or photon present in the photoproduction events which can 
be misidentified as the scattered electron. The 'inelasticity' Ye reconstructed in 
this case is usually large. Therefore this kind of events are included by applying 
this cut; 
• YJB < 0.85, to reduce background from the neutral current DIS events where 
the electron is not identified; 
• the charged current DIS events are removed by rejecting events where Prliss / y'E;. > 
2.0v'GeV. Here pr liss is the missing transverse momentum carried away by the 
undetectable neutrino; 
• an event is accepted if it contains at least two jets, reconstructed by the kT 
cluster algorithm discussed in Section 4.1.2. The two jets must fulfill the criteria 
like E~t > 5 GeV and I~etl < 2.4. These cuts are the minimum requirements 
to ensure a good jet finding efficiency while trying to select jets with a large 
range of transverse energy for the investigation of the fireball events. 
4.2.5 Fireball Events in Photoproduction 
In order to investigate further measurements such as the strange baryon to meson 
production ratio, the whole photoproduction sam pie was separated into two sub-
samples bearing different topological event features, the fireball-enriched sample and 
fireball-depleted sample [49]. 
The fireball-enriched events are these events characterized by a highly isotropic 
transverse jet energy distribution. The term fireball is assigned to represent a specific 
physical picture with a scenario for the isotropic multiple particle production. These 
kind of events were selected by requiring the highest transverse energy of jet in an 
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event, E~t(l), to carry at most 30% of the total event transverse energy, ET, while 
the other events are called fireball-depleted events. In figure 4.4(a), the distribution 
of the E~t(l) as a function of total event ET is depicted. A visible valley in the 
gradient of the distribution gives a hint where the two different types of events 
merge together. The line, E~t(l) / ET = 0.3, across the distribution is the cut applied 
to divide the fireball-enriched and fireball-depleted samples. The region above the 
cut line includes the fireball-enriched events characterizing by a multiple low-E~t 
jets production while in the region below the line the fireball-depleted events are 
contained. The fireball-depleted events are expected to have a clear jet structure. 
Figure 4.5 shows an example of fireball-enriched events in ZEUS. In this event, 
the event transverse energy is about 65.7 GeV while the E~t(l) is less than 6.0 GeV 
and the highly isotropic multiple particle production can be seen. The other different 
topological event is the fireball-depleted event, as shown in Figure 4.6. In this event, 
two clear jets are produced and E~t(l) / ET is about 0.5. 
/--~ 
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Figure 4.4: Figure (a) shows the distribution of E~t(l) as a function of total trans-
verse energy of the event, ET, and (b) shows the distribution of the fraction of 
ET carried by the two highest transverse energy jets for the fireball-enriched and 
fireball-depleted subsamples. The line displayed in (a) is the cut used to split the 
who le photoproduction samples. Here the events were selected without any strange 
hadron requirement. 
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Figure 4.5: An example of fireball-enriched events in ZEUS. The left plot is the event 
view in the x - y cross section plane. The right one is the CAL transverse energy 
distribution in the <p - 1] plane. No jet with special higher transverse energy is found. 
The isotropie multiple low E~t jet production characterizes this kind of events. 
Figure 4.6: A fireball-depleted event with a clear dijet production observed in ZEUS. 
The le ft plot is the cross section view of the event in the x - y plane. The right one 
is the CAL transverse energy distribution in the <p - 1] plane. 
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Chapter 5 
Strange Particle Reconstruction 
Strange particles can be produced copiously in ep collisions at HERA due to their 
relatively light masses and the high statistics luminosity accumulated. The total 
integrated luminosity used for the measurements is about 121 pb-1 and was collected 
during the HERA l running period of time from 1996 to 2000. A large number of 
neutral strange particles, K~, A and A, was thus gathered and analyzed in this thesis. 
The procedures for how to identify these strange particles, how to reconstruct 
them and how to select them are discussed in this chapter. 
5.1 Strange Hadrons of Interest 
Three neutral strange particles, K~, A and A, were considered in the measurement. 
There are two main reasons why these particles were chosen rather than other strange 
particles. The first one lies in the consideration of the production statistics available. 
The particle K~ is one of the lightest strange mesons and A is the lightest strange 
baryon. Due to their relatively light masses, huge production quantities are more 
readily obtained. The other consideration stems from the quality of particle recon-
struction. These three particles have 'golden' decay modes. Here 'golden' refers to 
the simple two-body decay mode with a large branching ratio. And more impor-
tant, it also means that aU the decay products are electricaUy charged so that the 
identification and measurement are easily performed using the CTD. 
In Table 5.1, a few basic aspects of the strange hadron properties which are 
related to the measurements made in this thesis are listed. More details of the 
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Contents Mass (MeV) I(JP ) CT (cm) Decay Mode (BR %) 
KO s ds/ds 497.672 ± 0.031 ~(O-) 2.6786 7f+7f- (68.6 ± 0.3) 
A(A) uds(uds) 1115.683 ± 0.006 O(~ +) 7.89 p7f (63.9 ± 0.5) 
Table 5.1: Properties of the interested neutral strange particles. Term BR in the 
table means the branching ratio of the particular decay channel. 
property of these strange particles are available from the Particle Data Group (PDG) 
[51]. 
In this thesis the decay channel K~ ----t 7f+7f- was used for K~ reconstruction. It 
is a weak decay in that the strangeness conservation is violated during the process. 
Similarly, the decay model A ----t p7f, used for A reconstruction, is also a weak decay 
for the same reason. The relative larger time scale of the weak reaction, '" 10-10 
seconds compared to '" 10-23 seconds in the strong interaction, aIlows a longer 
traveling distance before the decay takes place. The direct impact of the longer 
./~ lifetime results in a measurable displacement of the decay point from the production 
place, namely a clear secondary vertex displaced from the primary vertex in terms of 
detector language. An example of a A decay is shown in Figure 5.1. The relationship 
of the decay length and decay time is given T = l / cf3'Y, where l is the decay length, T 
is the decay time and cf3 is the velocity of strange particle in the laboratory frame. 
The strange hadrons were reconstructed and selected in the same way in aIl the 
three kinematic regions considered in this thesis. 
5.2 Particle Reconstruction and Selection 
As discussed ab ove , the events containing these three neutral strange particles are 
characterized with a displaced secondary vertex (VO) and two oppositely charged 
tracks originating from it. Therefore aIl secondary vertices at which two oppositely 
charged tracks are fitted to meet are deemed to be VO candidates. The two tracks 
fitted to this vertex were then investigated first, from which the mass (M) of the 
decaying particle was reconstructed. 
Each secondary track was required to pass through at least the fifth CTD super-
layer. In addition, The transverse momentum corresponding to each charged track 
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Figure 5.1: An example of A decay. The A produced at the primary vertex travels 
some distance before it decays. At the point labeled as secondary vertex, A ----+ p1f 
begins and the two decay products move apart in the electromagnetic field in CTD 
leaving two detectable tracks. The dotted Hne from primary vertex to secondary 
vertex shows the undetectable trajectory of the neutral A. The angle e is used as a 
collinearity cut to remove backgrounds. 
was required to be greater than 150 MeV and the absolute pseudorapidity in the lab-
oratory frame to be less than 1.5. These constraints ensured good track resolution 
and acceptance. 
5.2.1 Secondary Scattering Contamination 
Before moving forward to the discussions of strange hadron reconstruction, some 
emphasis is put here to explain a significant type of background events, the Secondary 
Scattering Contaminations (SSC). This kind of contamination can be created in the 
secondary scattering of produced particles from ep with the wall of the beam pipe 
(inner radius 8.5 cm and outer radius 8.8 cm) and the inner surface of the CTD (inner 
radius 16.2 cm). As a consequence, this kind of fake 1 candidates would originate in 
1 Hereafter, a reconstructed particle is defined as a 'real' candidate if it is identified as the truly 
strange particle of interest from the ep collisions while a reconstructed particle is defined as 'fake' 
candidate if it is identified as not the particle of interest or a particle from non-ep collisions. 
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Figure 5.2: Study on the secondary scattering contamination events in MC. Figures 
(a) and (d) are the distributions of the reconstructed A invariant mass and the 
corresponding secondary vertex position in x-y plane respectively, (b) and (e) are 
,r-- the similar distributions for true A's which are matched to ones in hadron level while 
(c) and (f) for SSC. 
the exact place where the beam pipe and the CTD inner coyer are located, leading 
to an obvious signature of contaminations. 
A dedicated investigation on SSC has been done using MC in the high Q2 kine-
matic region. Figures 5.2(a) and (d) are the reconstructed A invariant mass distribu-
tion and 2-dimensional distribution of the position of the secondary vertex in the x-y 
plane, respectively. A clear bulk of A events populates the two rings shown in Figure 
5.2(d). The real A's can be identified by mat ching the reconstructed candidate to the 
particle at the hadron level. The type of a particle at the hadron level can be identi-
fied in MC from the particle code identifying it. Therefore the distribution features 
of real A's and the fake on es can be distinguished. The invariant mass distribution 
of real A's is given in Figure 5.2(b) and their x-y distribution of va is given in Figure 
5.2(e), while leaving Figures 5.2(c) and (f) for fake A's. According to the compari-
son of these distributions, the conclusion is reached that the SSC has non-negligible 
(~. contributions to the reconstruction and it has a clear distribution signature. 
In or der to remove these events, a cut on the angle between the reconstructed 
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Figure 5.3: An investigation of the collinearity cut with MC studies. The vertical 
line represents the cut used, () = 0.2 rad. 
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Figure 5.4: The study of the effect of the collinearity cut in the same MC sample as in 
Figure 5.2. Figures (a) and (d) are the distributions ofthe reconstructed A invariant 
mass and the corresponding secondary vertex position in x-y plane, respectively, 
before applying the collinearity cut. The figures (b) and (e) are the equivalent 
distributions but after the collinearity cut and (c) and (f) for the removed SSC 
candidates. 
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candidate momentum and the vector joining the primary vertex to the secondary 
vertex was applied, which is shown as () in Figure 5.1. The MC study shows that 
the backgrounds, mainly due to the SSC, populate the range with larger () values, as 
se en in Figure 5.3. In this thesis, this angle was restricted to be less than 0.2 rad. 
With the help of the collinearity cut, the reconstructed signal is improved by 
rejecting these SSC contaminations. Figures 5.4(d), (e) and (f) show the x-y distri-
bution of secondary vertices without the cut, with the cut and the rejected candidates 
respectively. The rejected events are highly SSC-like as Figure 5.4(f) shows. The 
invariant mass distribution of these events is rather similar to the background in 
Figure 5.4(a) and no special enhanced peak is present around the A mass position. 
A rough estimation found that the collinearity cut can remove on average 68.3% of 
the background while it rejects 1.3% of the signal. It is to be noted that these values 
may vary if different cuts have been used to select events and particles. 
5.2.2 A Reconstruction 
Partially because of the heavier mass of the proton over the pion mass, it is found 
from MC studies that the proton from A decay has a larger momentum than the other 
daughter pion with an extremely high probability, close to 100%, in the laboratory 
system, provided the A momentum is greater than 0.3 GeV. This phenomenon can 
be described with Figures 5.5(a) and (b), which shows the momentum distribution 
of A decay products and the momentum difference between them, respectively. The 
momentum difference distribution in Figure 5.5(b) clearly indicates an always larger 
proton momentum than pion's in the selected kinematic regions in this thesis. In or-
der to procure a further understanding, a comparison has also been made by checking 
the momentum difference between the two K~ decay products, the charged pions. 
Figure 5.6 contains similar distributions to Figure 5.5. However it is clearly seen 
from Figure 5.6 that no significant momentum difference exist between two charged 
pions, resulting the distribution in Figure 5.6(b) centering around zero. 
No particle identification was applied because of the insufIicient description of 
dE/dx (the ionization energy loss per unit of length) by Monte Carlo. An attempt to 
investigate the differences between cases with and without particle identification was 
made and the effect was actually estimated to be rather small if dE/dx was used. 
For each va candidate, we therefore assign the proton mass to the track with 
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Figure 5.5: The momentum difference between the two A decay daughters in A ---+ 
p7f. The distributions were measured with MC events in the high Q2 DIS region in 
the laboratory frame and the A's were constrained with 0.6 < PT < 2.5 GeV and 
l "7 1< 1.2. Figure (a) shows the momentum distributions of A decay products while 
(b) is the momentum difference distribution between the two decay products. 
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Figure 5.6: The momentum difference between the decay daughters pions in K~ ---+ 
7f+7f-. The distributions were measured with MC events in the high Q2 DIS region 
in the laboratory frame and K~ was constrained with 0.6 < PT < 2.5 GeV and 
l "7 1< 1.2. Figure (a) shows the momentum distributions of the K~ decay products 
while (b) is the momentum difference distribution between those two pions. 
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Figure 5.7: Consideration on the transverse momentum and pseudorapidity cuts 
based on the reconstruction efficiency and acceptance. 
larger momentum and the pion mass to the other track to reconstruct A's. The A 
invariant mass, M(p7f), is derived from the reconstructed four-momentum of the VO 
candidate then. Sorne additional requirements are listed below: 
• 0.6 < p~ < 2.5 GeV and 1 rJA 1< 1.2, where p~ and rJA are the transverse 
momentum and the pseudorapidity of the reconstructed candidate in the labo-
ratory frame, respectively. These selection criteria were determined by studying 
the reconstruction efficiency and acceptance (see Section 5.4 for more details 
about the description of these variables) in different PT and rJ regions. A good 
reconstruction was found for the 0.6 < PT < 2.5 GeV and 1 rJ 1< 1.2 region, 
seen in Figures 5.7(a) and (c); 
• M(e+e-) > 50 MeV to eliminate the background due to the electron pair pro-
duction from the photon. Electron pair production from photon conversion is a 
type of background to the strange particle reconstruction. The invariant mass 
reconstructed from e+ e- normally results in a value of a few of hundreds Me V 
if it is not from the photon conversion; 
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Figure 5.8: The invariant mass distribution of candidates assuming a p7f and 7f+7f-
mass hypothesis for a va candidate. The distributions (a) and (b) were studied with 
MC while (c) is for the data. In (a), the histogram represents the 7f+7f- mass recon-
struction for real K~'s and the dashed line is mistaking two A decay products P7f- to 
reconstruct M (7f+ 7f-). In (b) the histogram represents the P7f- mass reconstruction 
from real A's and the dashed line is mistaking two K~ decay products 7f+7f- to re-
construet the A mass. The eut values are given by the vertical lines. The suggested 
cuts are applied to the data, shown in (e), whieh is the 2-dimensional distribution of 
M(7f+7f-) and M(p7f). 
/~, 
66 5.2.Particle Reconstruction and Selection 
• M(7r+7r-) > 0.475 GeV is applied to remove K~ contamination from the A 
signal. This cut is easily understood with Figures 5.8 (a) and (c). The real K~ 
decaying 7r+7r- will peak at rv0.498 GeV while a fake one populates a lower 
mass position. However here for A's, a real K~ is not wanted so that an optimal 
cut at 0.475 GeV is chosen to remove most of the contamination from K~. The 
verticalline in Figure 5.8(c) represents this cut in the 2-dimensional invariant 
mass distribution of M(7r+7r-) and M(p7r). 
As an example, the A and A invariant mass distributions reconstructed for the 
high Q2 DIS events are shown in Figure 5.9. The mean position of the reconstructed 
A and A is 1116.20 ± 0.01 MeV (statistical only) with a standard deviation of 2.2 
MeV, consistent with the invariant mass 1115.7 MeV given in PDG [51]. Here the 
standard deviation is sim ply the average standard deviation value from the two 
gaussian functions. The uncorrected number of A (A) is 5389 (5342). The A and 
A decay length distributions are shown in Figure 5.10. The li ne in the figure is the 
exponential fit on the ct distribution to determine the average lifetime of the hadrons. 
The average A decay length is derived to be 7.74 ± 0.09 cm which is consistent with 
the mean decay length 7.89 cm given in Table 5.1. 
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Figure 5.9: The A and A invariant mass distributions for the high Q2 DIS events. 
The line represents the fit of a double Gaussian for the signal combined to a linear 
function for the background. 
It should be noted that no direct ct cut was applied on A selection. However 
/' sorne other cuts like the CTD superlayer cut on the track could have an indirect 
impact on the flight distance of A. 
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Figure 5.10: A, A and Kg decay length distributions. The line in the figure represents 
the exponential fit from which the lifetime of the strange hadron can be derived. 
5.2.3 K~ Reconstruction and Selection 
Only Kg decaying into 7f+7f- (branching ratio 68.6 ± 0.27%) were reconstructed. 
Both tracks from the same VO were assigned the mass of the charged pion. Additional 
requirements are listed below: 
KO ° KO KO 
• 0.6 < PTs < 2.5 GeV and l 'TlKs 1< 1.2, where PTs and 'Tl s are the transverse 
momentum and the pseudorapidity of the reconstructed candidate in the lab-
oratory frame. For the same reason as explained in A reconstruction, the P:~ 
and 'TlK~ cuts were suggested and determined according to the studies shown 
in Figures 5. 7(b) and (d); 
• M(e+e-) > 50 MeV to eliminate the electron pair production from photons; 
• M(p7f) > 1.125 GeV is applied to eliminate A contamination from the Kg signal. 
Here the mass of the proton is assigned to the track with larger momentum 
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and the mass of the pion to the other track. A plot to illustrate this cut is 
available in Figure 5.8. 
The K~ invariant mass reconstructed in the high Q2 DIS region is shown in Figure 
5.11. The mean position of the reconstructed K~ is 497.90 ± 0.01 MeV (statistical 
only) with a standard deviation of 6.1 MeV, consistent with the invariant mass 497.7 
MeV given in PDG [51]. The uncorrected number of K~ is 73140. The K~ decay 
length distribution is also shown in Figure 5.10(c) and the average K~ lifetime CT is 
determined by the fit to be 2.30 ± 0.01 cm, somehow smaller than the mean value 
of 2.68 cm given in Table 5.1. This could be due to the detector or to effects of the 
cuts. But sinee there is no direct ct cut applied on K~ selection and a very good 
agreement on the decay length distribution was obtained between MC and the data 
(see Figure 6.6), no significant impact on the final results is expected from this K~ 
ct distribution. 
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Figure 5.11: The K~ invariant mass distribution for the high Q2 DIS events. The line 
represents the fit of a double Gaussian for the signal combined to a linear function 
for the background. 
5.3 Signal Extraction 
With the invariant mass distributions described ab ove , the number of the total re-
constructed particles is ready to be extracted. This number is achieved by counting 
the total entries located within a mass window around the nominal position of the 
5 Strange Particle Reconstruction 69 
hadron mass. The mass window was chosen to be "",3eT away from the mass position 
on each side of the mass distribution. The ",3eT was used so that the mass resolution 
and the migration effect are considered. The mass window used in the measurement 
is 1.11 to 1.122 GeV for the A signal counting and 0.48 to 0.52 GeV in the K~ case. 
However, there are inevitably sorne background candidates remaining in the dis-
tribution. In order to reduce the background without further identification measures, 
a linear background fit on the invariant mass distribution, across the full-range, was 
made. The full-range fit ensures a good background estimation. By integrating the 
linear function over the mass window range, the number of background candidates 
can thus be obtained. Therefore the number of the particle candidates within the 
mass window range can be determined by subtracting these background from the 
total entries in the same mass window. 
5.4 Efficiency, Purity and Acceptance 
The correction of the reconstructed particle at the hadron level was do ne by taking 
consideration of the detector acceptance (C). The acceptance is evaluated with MC 
studies and defined as the relative ratio of the reconstructed candidates in the detec-
tor level to the total generated particles at the hadron level. For simplicity, hereafter, 
we use N!~d to stand for the N umber of the generated particles in the hadron level, 
N::~l for the N umber of real particles of interest in the detector level and N~:~d for 
the Number of reconstructed candidates in the detector level. Therefore we have 
C = N~:~d/ N!~d. For differential measurements, the acceptance was determined bin 
by bin of the considered kinematic variables. 
To ensure a good particle reconstruction and a plausible correction to the hadron 
level, two other associated variables are defined, the reconstruction efficiency (E) 
and reconstruction purity (P). These two variable are also calculated from the MC 
studies. The efficiency represents the fraction of the generated particles at the hadron 
level appearing in the reconstructed signal at the detector level. The larger E we 
have, the more real particles we can reconstruct in the detector level. The P tells 
how pure the reconstructed signal is. It is defined as the fraction of the real particles 
among the total reconstructed particle candidates. Their definitions and the relation 
with C are described by the following: 
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Ndet 
& real (5.1) Nhad 
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Ndet 
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C & (5.3) - P 
The following few figures display the efficiencies, purities and acceptances of the 
reconstructed A(A) and K~ for the three different kinematic regions. 
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Figure 5.12: The A, A and K~ reconstruction efficiencies, purities and acceptances 
for photoproduction events as a function of the kinematic variables PT, fi and X~BS. 
These values were estimated with MC studies. The average E, P and C were measured 
to be 6""7%,8,,,,9% and ""80% for A(A) reconstruction while ",,14%, ",,18% and ",,80% 
for K~ reconstruction. 
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Figure 5.13: The A, A and K~ reconstruction efficiencies, purities and acceptances for 
low Q2 DIS events as a function of the kinematic variables PT, 17, XBj and Q2. These 
values were estimated with MC studies. The average e, P and C were measured to 
be ,"",10%, '""'11% and '""'90% for A(A) reconstruction while ,"",25%, ,"",28% and '""'90% 
for K~ reconstruction. 
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Figure 5.14: K~, A and A reconstruction efficiency, purity and acceptance for Q2 > 
25 GeV2 events as a function of the kinematic variables PT, 'fi, XBj and Q2. These 
values were estimated with MC studies. The average E, P and C were measured to 
be "'-'10%, rv10% and ",-,97% for A(A) reconstruction while ",-,25%, ",-,25% and ",-,99% 
for K~ reconstruction. 
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Chapter 6 
Monte Carlo Simulation 
Monte Carlo (MC) simulation is an essential tool in modern high energy physics. 
It plays a crucial role in the data analyses such as the detector effect corrections, 
systematic uncertainty evaluations and so on. Basically, a full simulation consists of 
two dedicated steps, namely, physics simulation and the actual detector simulation. 
Specific to HERA, the first step is to simulate the ep scattering pro cess at parton 
level, QCD radiation and the fragmentation processes. The current MC programs 
available like LEPTO [71], HERWIG [52, 53] and PYTHIA [54] can serve the physics 
simulation needs. Concerning the actual detector simulation, a GEANT [68] based 
program was used, in which our best understanding of the detector components 
and trigger systems is incorporated. In this chapter, a basic description of the MC 
simulations is given, along with comparisons between the data and MC simulations 
used for the thesis. 
6.1 Physics Simulation 
Physics simulation, or event simulation, is assumed to be capable of simulating as-
pects as detailed and as close as possible to the real interactions. An event evolution 
can be factorized into many separate pro cesses and each of them can be described 
by either theoretical or phenomenological models. The models used either rely on 
the best understanding of the experimental results or on the assumptions with which 
the MC can successfully describe certain physics results. A typical DIS event evolu-
tion in ep collisions can be simulated with three individu al parts in a time order. It 
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Figure 6.1: Different pro cesses present in an ep event simulation in PYTHIA [54]. 
starts with a hard interaction pro cess corrected with QED effects, then followed by 
QCD radiation and ends up with the fragmentation and decay processes. The initial 
parton radiation is grouped with the final state radiation into the second part, the 
/~~ QCD radiation, even if it happens before the hard scattering process. It is because 
the initial state radiation has quite similar features to the final state radiation but 
just with a backward time evolution. An illustration of these pro cesses is shown in 
Figure 6.1. 
6.1.1 Hard Scattering Pro cess 
The hard scattering pro cess is the essential and core part of an interaction and 
determines the main features of the event. Normally a '2 ---7 2' pro cess is generated, 
for instance, 'ql ---7 ql' for a DIS process or '''(g ---7 qij' for a boson-gluon fusion 
pro cess in photoproduction for ep collisions. Since one of the colliding beams at 
HERA contains protons, an inherently composite particle, the knowledge of the 
parton distribution in the proton is rather important to determine the cross section of 
the hard partonic process at this stage. Given a known parton distribution, this hard 
pro cess is perturbatively calculable, as what is described in Section 2.3. However, 
the parton distribution can only be obtained from experimental measurements. A 
precise and thorough measurement of the parton distribution function (PDF) of the 
proton has been made at HERA, as shown in Figure 2.4. The PDFs are universal in 
the sense that once they are measured in one reaction, the results can be used for 
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Figure 6.2: Feynman diagrams for QED radiation at HERA. ITJ is the Born diagram 
without any radiation, while rn and W show the initial state radiation and final 
state radiation. Higher order a QED effects are shown in W and œ. 
calculations for the other processes. 
QED radiation could have a non-negligible effects on certain cross section mea-
surements. For example, the effects on K~ and A measurements in this thesis were 
estimated to be a few percent for DIS events based on MC studies. Figure 6.2 lists 
four different cases of QED radiation together with the Born process. Two of them, 
the initial state radiation (ISR) and the final state radiation (FSR), shown in Figures 
6.2 rn and W respectively, can give rise to a change in the event topology. Figures 
6.2 W and œ represent the higher order a QED effects. In this thesis the QED 
effects are taken into account during the event simulation, see Section 6.3 for more 
information. 
6.1.2 Perturbative QCD Radiation 
Analogous to QED radiation, the pro cesses which contain the colored charged objects 
may give ri se to QCD radiation before or after the hard scattering pro cess. The QCD 
radiation will subsequently result in an iterative series of branching pro cesses like 
9 -7 qq, 9 -7 gg and q -7 Qg. These processes may lead to a non-negligible change of 
the overall topology of the event, especially significant with the increasing collision 
energy. For instance, the final event topology can change from simple '2 -7 2' to 
'2 -7 3/4/ .. ' process. 
Two complementary approaches exist to model the perturbative QCD radiation 
effects. One is the matrix element (ME) method which can precisely calculate the 
Feynman diagrams order by order. This method can therefore be applied to inclusive 
~, 
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jet measurements, but it becomes less than sufficient to describe the multiple soft 
gluon radiation with the increasing colliding energy. Moreover, the ME method is 
found to be too complicated to deal with the higher or der calculations, in particular 
for loop graphs. Therefore the higher order calculations and loop graphs are usually 
not included. The other alternative approach is the parton shower (PS) method. 
It does not take the exact kinematics, full interference and helicity structure into 
account as does the ME method, but an approximation of them. The radiation in 
the PS is simulated by an arbitrary number of branching processes. The jet structure 
due to the soft radiation therefore can therefore be better described. The PS method 
is in practice matched to the first or der matrix elements to describe the hard gluon 
emission region. The ME, PS or sometimes a combination of both methods (hence 
MEPS) can be used, depending on which application is most appropriate. In this 
thesis the Monte Carlo used to describe the QCD radiation is the MEPS method for 
the general purpose of including both the leading or der and higher or der radiation. 
Another type of parton shower model used in this thesis is the color dipole model 
(CDM) [55, 56, 57, 58]. The parton emission in this model is considered to be from 
a color dipole between partons instead of from independent partons. Therefore, it 
is believed to have a more natural description of the parton radiation and shower 
development. In the case of a DIS event at HERA, the QCD radiation is assumed to 
start from the dipole between the struck quark and the proton remnant. One notes 
that no distinction is made between the initial state QCD radiation and the final 
state QCD radiation in the CDM. 
The implementation procedure to describe QCD radiation can be understood this 
way: considering a final state shower first, a parton branching pro cess is expressed 
as a ---+ be. This process is time-like, m2 = E 2 - p2 > 0, and is characterized by a 
decreasing Q2. The way parton a converts into band c is determined by the splitting 
function Pa-+bc . The splitting function controls the fraction of energy carried by the 
daughters band e and the probability of presence of such process. Subsequently b 
and c may continue to decay until Q2 is not larger than a cut-off value Q6. Typically 
Qo is set to be 1 GeV. This approach is known as the forward evolution in MC. In 
contrast, the initial parton shower is a space-like process, m2 = E2 - p2 < 0, where 
the virtuality Q2 is increasing with the shower evolution. A maximum scale Qmax is 
introduced whereby the parton shower stops when Q2 reaches Q~ax. Thereafter the 
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Variable Description Definition Value (D) 
PARJ(1) suppression of diquark pair production ~Wf 0.10 
PARJ(2) strange suppression factor P(s) pciJ 0.30 
PARJ(3) strange diquark production suppression P{us)LP(ud) 0.40 P(s)!P(d) 
PARJ(4) suppression of spin-1 diquarks 1/3 P(Udl) P(udQ) 0.05 
PARJ(5) popcorn baryon production (BM B) factor - 0.50 
PARJ(6) suppression of 88 sharing by Band B in B M B - 0.50 
PARJ(7) suppression of having a strange M in BM B - 0.50 
Table 6.1: A list of parameters related to strange hadron production implemented in 
the string model via the JETSET program [84]. The value (D) stands for the default 
value which is set in the model. 
hard parton interaction is going to happen. The choice of Qmax could dramatically 
affect the jet measurement. In practice, the technique adopted to describe the initial 
parton showers is called the backward evolution, whereby a given parton will be 
traced back with time to its mother parton. The way in which parton evolves there 
is similar to one used the forward evolution. 
6.1.3 Fragmentation, Hadronization and Decay 
The perturbative QCD makes predictions for the partonic final states while experi-
mentallY the hadronic final states are observed in detector. To make a connection be-
tween the predictions and observations, the non-perturbative hadronization pro cess 
has to be taken into account. Generally the terms hadronization and fragmentation 
can be used alternatively. They both refer to the non-perturbative pro cess whereby 
the colored partons combine to form final hadrons observed at the detector level. 
Strictly speaking, however, a slight difference exists between them [59]: fragmen-
tation includes extra factorization pro cesses while hadronization does not. In this 
thesis both terms are used equivalently, just describing the non-perturbative pro cess 
of hadron formation. Hadronization pro cess is a long distance pro cess in which only 
a small momentum transfer is involved. Therefore this process is not calculable by 
perturbative QCD. The current understanding on this pro cess merely relies upon 
phenomenological models. Two main models available to simulate this pro cess are 
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Figure 6.3: An illustration of hadronization models: the string model (left) and the 
cluster model (right). 
the string model [60, 61, 62] and the cluster model [63, 64]. 
The string fragmentation model describes hadron formation from colored objects 
such as quarks and gluons. A pi ct ure illustrating the string model is shown in Figure 
6.3 (left). A dynamic string is formed between two colored partons at the start and 
a tension force, stretching between two partons, appears along the string. This force 
varies with the change of distance between the two initial partons. The string breaks 
into piece strings as it extends apart to a certain level, creating sorne breaking-points 
at the same time. At these points a new qij or QQ pair is created and each new parton 
belongs to the different piece strings. Here qij denotes a quark pair and QQ a di-
quark pair. In this way the string model takes into account the baryon (antibaryon) 
production along with the general meson production. The breakup of the string will 
continue until its energy is comparable to the energy of the final hadron at sorne 
point. 
The string model can describe well the gross event features of the e+ e- anni-
hilation data, however its prediction on the specifie baryon production is not good 
enough so far. In addition, many arbitrary parameters exist to control the hadron 
production, for instance at least seven parameters have to be assigned to govern the 
strange baryon production, shown in Table 6.1. 
Another widely used fragmentation model is the cluster model. According to the 
idea of the 'preconfinement' [65, 66] feature of the parton shower, color connected 
partons tend to be developing closely in phase space. The combinat ion of these 
partons at a later stage is assumed to form colorless clusters. The clusters will be 
subsequently undergoing isotropie decay to pro duce resonances or hadrons. The 
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p 
Figure 6.4: An example of the MI interaction in resolved photoproduction process. 
The photon remnant and proton remnant are shown. 
final states are chosen to be produced according to appropriate quantum number 
requirements of clusters. A picture of the cluster model principle is given in Figure 
6.3 (right). Compared to the string model, the cluster model has less parameters to 
be tuned to describe the hadron production. In this thesis, the cluster model was 
not used. 
The decay of unstable particles or resonances follows once the hadronization 
pro cess cornes to an end. It is treated by making use of a table of particle information 
to de ci de the model and the probability of a particle decay. This table stores all the 
associated information about particles, for example, the particle properties, decay 
modes, branching ratios and so on. 
6.1.4 Bearn Remnant and Multiple Interaction 
In a typical ep collision, only a fraction of the initial proton energy will be involved 
in the interaction while the proton remnant carries the rest away. The color connec-
tion between the proton remnant, if it has color, and the hard interaction will also 
result in a fragmentation pro cess contributing to the final hadronic system. In MC 
simulations, the effect of the proton remnant is also taken into account. 
Another similar case arises from the real photon in photoproduction process. A 
real photon in the resolved photoproduction pro cess is assumed to have an inner 
structure and can thus be resolved by the parton from the proton. The partons in 
the photon which do not participate in the hard interaction will give rise to a photon 
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remnant. Due to the presence of the color correlation between photon remnant 
and the struck quark, extra soft production will emerge up together with the hard 
production. To a good approximation, a single interaction between exchanged boson 
and one parton from the proton will be the norm for a DIS event. However it might 
be possible to have multiple interactions (MI) between partons out of the photon 
and partons from the proton in the resolved photoproduction process. In order to 
simulate this physics phenomenon, a MI mechanism is considered in PYTHIA MC. 
An example of MI process is depicted in Figure 6.4. 
6.2 Detector Simulation 
A full simulation includes not only the physics event simulation, but also the detec-
tor response to these events. So here cornes the second part of the MC simulation 
following the event simulation: the detector simulation. The purpose of detector sim-
ulation is to simulate the detector response as close as possible to the real situation 
in or der to understand detector effects resulting from the resolution, acceptance, and 
presence of dead materials. In turn we apply these understandings in the experimen-
tal data to compensate for the detector response so that the detector independent 
results can be obtained. The package for the ZEUS detector simulation is MOZART 
(MOnte Carlo for Zeus Analysis, Reconstruction and Trigger) [67] which makes use 
of the framework of the CERN GEANT [68] program. The output of the detector 
simulation has the same format as the data output which makes possible the same 
analyzing procedures for both MC and the data. 
6.3 MC Simulation for the Thesis 
Many dedicated MC events are generated to suit different analysis needs. Since both 
DIS and photoproduction processes were considered in this thesis, two sets of MC 
files have been generated accordingly for the two processes. 
The MC program has been tuned to generate ep collisions with different proton 
energies and different collision beams of electron or positron. For this thesis, based 
on MC studies, these differences have litt le impact on the final results. But still, 
to match the measurements, the combinat ion of different MC samples was made 
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according to the relative ratio in the data so that the potential difference between 
the data and MC due to different event sampI es can be reduced. 
The MC samples used for DIS were generated with QED radiative corrections 
by using the HERACLES 4.6.1 program [69, 70, 72] interfaced with the LEPTO 6.5.1 
MC program [71] in the frame of the DJANGOH program [72]. The parton density 
parameterizations were taken from CTEQ [73, 74]. Two different treatments of the 
QCD cascade were taken, one is the CDM implemented in the ARIADNE MC program 
[75] while the other is the MEPS included in the LEPTO program. The program takes 
the LUND string model to simulate the fragmentation of partons. 
Just as what was mentioned previously, several parameters, as coded in the 
JETSET program, exist in the string model controlling the strangeness production. 
They are shown in Table 6.1. There is no attempt to investigate how all of these 
values influence the strange particle production. So all parameters are set to the 
default values during the simulation, except the relative strange suppression factor, 
À8 = P(s)/ P(u). 
The À8 is the key parameter which governs the relative strangeness production 
with respect to light u and d quarks in the string model. An optimum value of 0.3 was 
determined from LEP experiments [76, 77, 78, 79] and this value is also the default 
value in the current string model code. In addition to 0.3, a smaller À8 = 0.22 value 
was used in the MC simulation as well and the corresponding results were compared 
to the data. The value of 0.22 is suggested by the previous ZEUS publication [80]. 
The photoproduction events were corrected with the PYTHIA MC program, 
which includes the leading order matrix element ca1culations to describe the hard 
parton scattering pro cess and the initial and final parton showers to simulate the 
higher or der processes. The LUND string model is adopted for the parton fragmen-
tation, the same as in the DIS case. The proton and photon PDFs were taken from 
GRV [81] and SaS2D [82], respectively. To improve the description quality of the 
data, the MI mechanism has been implemented in the simulations. 
The photoproduction MC's generated this way include only the leading order 
matrix element ca1culations for the hard scattering process. The lack of the higher 
order diagrams leads to an inadequate description of the real situation by MC. In 
order to get a better agreement between MC and the data, the direct and resolved 
pro cesses were generated separately and the relative contributions between them are 
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Figure 6.5: Rescaling of the direct and resolved pro cesses for photoproduction events 
via the best fit of the X~BS distribution of the data by MC [83]. 
rescaled. The scaling factor is determined from the best fit to the X~BS distribution 
in the data by a combination of the direct and resolved samples in MC, see Figure 
6.5. The optimally relative ratio was found to be 0.84:1 between the selected direct 
and resolved processes [83] for this thesis. 
6.3.1 MC Files 
The MC event samples which were generated with both interaction and detector 
simulations are listed in this section. These files are used to determine the detector 
response to the data, offer theoretical predictions and estimate systematic uncertain-
ties. Table 6.2 shows two individu al MC files which were generated with different 
Q2 ranges in DIS. The sample with Q2 > 2 Gey2 was used for the low Q2 DIS study 
while the other MC which has Q2 > 10 Gey2 for the high Q2 DIS study. But in 
or der to have larger MC statistics, the MC sample with Q2 > 2 Gey2 was also used 
for high Q2 DIS study. A large amount of MC photoproduction events, ",,300 pb-l, 
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Q2 cut Q2 > 2 Gey2 Q2 > 10 Gey2 
Author - Arno Benen 
Program DJANGOH + LEPTO DJANGOH 1.1 + LEPTO 6.5.1 
QED effect HERACLES 4.6.1 HERACLES 4.6.1 
QCD Cascade ARIADNE 4.10 ARIADNE 4.08 
PDF CTEQ 5L CTEQ 4D 
No. of events 23 M 14 M 
Lumi 55.04 pb- 1 109.05 pb-1 
Bearn (GeY) e+(27.5) + p(920) e(27.5) + p(920) 
Table 6.2: Two MC samples used for the NC DIS studies. Sorne information like the 
author and program version for the low Q2 MC sample is not available. 
have been generated by Andrew Cottrell [83] in which different cuts and different 
proton energies were considered separately. All these photoproduction samples are 
listed in Table 6.3. 
Further studies have been done by adjusting the strangeness suppression factor Às 
and the proton beam energy for different running periods. The MC events generated 
this way are not used for the detector response corrections but only for theoretical 
predictions at the hadron level. Therefore only physics event generation has been 
done. An independent MC generator interface package, AMADEUS, is available for 
this purpose at HERA. The AMADEUS provides an easy way to access all ZEUS MC 
generators and to get information at the hadron level with no need of a full ZEUS 
detector simulation. 
6.3.2 Control Plots 
An ideal MC simulation should be identical to the real situation of physics events and 
detector response. However, it is hard to get such perfect simulations on what really 
happens. There are always either known or unknown aspects which are not suffi-
ciently simulated, such as the detector response, the trigger system or the hadroniza-
tion processes, etc. Therefore it is necessary to check the simulation situation in the 
selected samples. This is done by comparing behaviors of the generated MC with 
that of the real data at detector level. The kinematic variables related to the se-
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Set Process Filter Ejet cut T # Lumi Beams(GeV) 
1. resolved Dijet 2 GeV 6M 6.58 pb-1 e(27.5)jp(820) 
2. resolved Dijet 3 GeV 5M 11.75 pb-1 e(27.5) jp(820) 
3. resolved Direct K~jA 3 GeV 5M 29.27 pb-1 e(27.5) jp(820) 
4. resolved Other K~jA 3 GeV 5M 27.95 pb-1 e(27.5)jp(820) 
5. direct Dijet 2 GeV 4M 20.15 pb-1 e(27.5) jp(820) 
6. direct Dijet 3 GeV 2M 20.15 pb-1 e(27.5) jp(820) 
7. resolved Direct K~jA 3 GeV 8.9 M 47.77 pb- 1 e(27.5) jp(920) 
8. resolved Other K~jA 3 GeV 8M 40.82 pb- 1 e(27.5)jp(920) 
9. resolved All K~jA 3 GeV 30 M 103.68 pb-1 e(27.5) jp(920) 
10. direct Dijet 3 GeV 14 M 147.19 pb-1 e(27.5)jp(920) 
11. resolved Dijet 3 GeV 6M 12.68 pb-1 e(27.5)jp(920) 
Table 6.3: A list of MC samples for photoproduction study purpose. The direct and 
resolved MC samples are given individually with different E~t cut values, filters, and 
proton beam energies. The mark '#' in the table represents the 'Number of events'. 
Filter 'direct K~j A' means a event was selected with at least one K~ or A. Filter 
'other K~j A' requires to contain particles or resonances which can decay into K~ or 
A but exclude events which pass 'direct K~j A' filter. Filter 'An K~j A' is the sum 
of above two cases. 
Î~' 
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Figure 6.6: Comparison of the invariant mass distribution of A, A and K~ between 
MC and data for the high Q2 DIS events. The MC is normalized to the data. 
lected events and their particles were compared between the data and MC. The 
reconstruction of these variables has already been explained in Chapters 4 and 5. 
One of the most important checks is on the invariant mass reconstruction of the 
strange hadrons between MC and the data. Examples are shown in Figure 6.6 for the 
high Q2 DIS events, where a reasonable agreement on the mass position was found. 
In this figure, the event number in MC is normalized to that in the data. 
Another important check is to see how weIl the secondary vertex is simulated in 
MC. This is done by measuring the 3-dimensional decay length of strange hadrons 
both in MC and in the data. As an example, the decay length distributions in MC 
and the data for the high Q2 DIS events is given in Figure 6.7, where a weIl modeled 
decay length in MC was confirmed by the good agreement to the distribution. 
In the following few plots, detailed comparisons of the event and particle kine-
matie variables are presented in the three regions of phase space of interest. These 
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Figure 6.7: The distributions of ct of A, A and K~ at the detector level for high Q2 
DIS events, where t is the reconstructed lifetime. The data are presented by dots and 
the MC by histograms. The ARIADNE histogram is normalized to the event number 
of the data. 
variables are the essential ones used to select events or particles, and therefore the 
quality of the comparison between the data and MC is crucial to justify how weIl 
the MC simulates the data. The MC is normalized to the data and then compared 
to them. 
Figures 6.8 and 6.9 present the comparisons of different variables between the 
PYTHIA MC and the data for photoproduction events. As a reminder, the direct 
and resolved photoproduction pro cesses were generated separately and combined 
according the fit on the X~BS distribution of the data. Also, in order to improve the 
description of the data in the resolved process, the multiple interaction mechanism 
has been implemented in PYTHIA. With aIl these efforts, the MC description of the 
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data has indeed been improved. But some regions of phase space were still found 
to be insufficiently described, for example in the YJB and X~BS distributions. The 
relative differences between MC and the data are approximately estimated to go up 
to 60% in the very low x~BS region, 25% in the medium x~BS region and 15% in the 
large PT region for both A and K~ cases. Their average discrepancies are however 
2.8% for K~ and 3.6% for A. These disagreements will result in additional systematic 
uncertainties to these average levels. But such impact is expected to be mainly on 
the cross section measurement since the uncertainties due to the poor description by 
MC are expected to be canceled out at the first order for the other measurements 
such as the asymmetry, ratio and correlation studies (as in the Appendix). A good 
agreement was found in the other distributions. 
The control plots for the low and high Q2 DIS events are given in Figures 6.10 -
6.13. In aU cases, a good agreement exists between the data and MC. The corrections 
on the data based on these MC's should therefore be reasonable and reliable. 
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Figure 6.8: Control plots for photoproduction event and Kg selections. Only these 
events are accepted in which at least one Kg candidate is found. The MC is normal-
ized to the data and represented by the Hnes. 
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Figure 6.9: Control plots for photoproduction event and A selections. Only these 
events are accepted in which at least one A candidate is found. The MC is normalized 
to the data and represented by the lines. 
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Figure 6.10: Control plots for 5 < Q2 < 25 Ge V2 event and K~ selections. Only 
these events are accepted in which at least one K~ candidate is found. The MC is 
normalized to the data and represented by the lines. 
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Figure 6.11: Control plots for 5 < Q2 < 25 Ge V2 event and A selections. Only 
these events are accepted in which at least one A candidate is found. The MC is 
normalized to the data and represented by the lines. 
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Figure 6.12: Control plots for Q2 > 25 GeV2 event and K~ selections. Only these 
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Chapter 7 
Results 1: Cross Sections and 
Ratios 
Based on the selection criteria described in Chapt ers 4 and 5, quantitative determi-
nations of A(A) and K~ production at HERA have been made with a total integrated 
luminosity of 121 pb- l . The results obtained from these measurements include: 
• cross sections: total and differential cross sections; 
• relative production ratios: A to A production asymmetries and A + A to K~ 
production ratios; 
• correlation studies: Bose-Einstein correlations and rapidity correlations; 
• A and A polarizations. 
Each result is followed up by discussions and comparisons with MC predictions 
or / and results from other experiments. 
For a better organization, the results listed above are sorted and shown in two 
chapters. In this chapter, the results on cross sections and ratios are given while 
the following Chapter 8 covers the remaining results on correlation and polarization 
studies. 
The cross section and ratio measurements, to be shown in this chapter, have been 
carried out in three different kinematic regimes available at HERA. These regimes, 
together with the selection criteria, are listed in the following. 
• photoproduction: Q2 < 1 GeV2 and the presence of at least two hadronic jets; 
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• low Q2 DIS: 5 < Q2 < 25 Gey2 and 0.02 < Y < 0.95; 
• high Q2 DIS: Q2 > 25 Gey2 and 0.02 < Y < 0.95. 
The transverse momenta and pseudorapidities of the reconstructed strange hadrons 
were constrained by 0.6 < PT < 2.5 GeY and 1171 < 1.2, respectively. 
A natural extension of the measurements into the Breit frame for high Q2 DIS 
events was also performed, see Section 4.2.3 for more information about the definition 
of the Breit frame. In addition, the photoproduction events have been split into 
two sub-samples, the fireball-enriched and fireball-depleted events, for the relative 
production ratio studies, see Section 4.2.5 for more information about the division. 
The MC PYTHIA was used to simulate the photoproduction events, as described 
in Section 6.3. As for DIS events, two sets of ARIADNE MC data were generated 
with different strangeness suppression factor (Às) values, 0.3 and 0.22, in or der to 
study the Às influence on the measurements. The former value 0.3 was found to be 
the preferred value in e+e- experiments [85, 86, 14] and 0.22 was suggested by the 
previous ZEUS measurement [80]. The Às value in LEPTO was set to be 0.3. For 
clarity of MC models with different Às values, the Às value is also given as a MC model 
is mentioned, for example ARIADNE(0.3) means the MC model used is ARIADNE with 
a strangeness suppression factor 0.3. The similar situation is applicable for other MC 
models. 
7.1 Total Cross Section 
The cross section measurement in high energy physics represents the likelihood of the 
occurrence of a reaction process and is expressed in units of area, the barn (one barn 
equals to 10-24 cm2). In this thesis, the measured total cross sections thus provide a 
quantitative view of the probability of the neutral strange particle production in the 
considered kinematic regimes of ep collisions at HERA. The total cross section ((J) 
is given by 
N (7.1) (J = 
A·.c·B' 
where N is the number of the reconstructed strange particles at the detector level, A 
is the acceptance, .c is the integrated luminosity and B is the branching ratio. The 
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(a) Laboratory Frame 
o-(A+A) (pb) o-(K~) (pb) 
Photoproduction ZEUS 96-00 9611 ± 55+121 
-497 16719 ± 45+103 -407 
PYTHIA(0.3) 
ZEUS 96-00 4316 ± 66+118 
-72 11803 ± 67+98 -190 
Low Q2 DIS ARIADNE(0.3) 4297 ± 18 11769 ± 30 
ARIADNE(0.22) 3469 ± 16 9988 ± 28 
LEPTO(0.3) 3883 ± 17 12054 ± 30 
ZEUS 96-00 1281 ± 17+57 
-36 3515 ± 17+43 -107 
High Q2 DIS ARIADNE(0.3) 1277 ± 5 3851 ± 8 
ARIADNE(0.22) 1019 ± 4 3286 ± 8 
LEPTO(0.3) 1486 ± 5 4493 ± 9 
(b) Breit Frame (High Q2 DIS) 
ZEUS 96-00 244 ± 8~~ 1179 ± 11+17 
-7 
Current region ARIADNE(0.3) 274 ± 2 1332 ± 5 
ARIADNE(0.22) 223 ± 2 1157 ± 5 
LEPTO(0.3) 277 ± 2 1387 ± 5 
ZEUS 96-00 1047 ± 17+56 
-35 2325 ± 17+40 -106 
Target region ARIADNE(0.3) 996 ± 4 2514 ± 6 
ARIADNE(0.22) 795 ± 4 2125 ± 6 
LEPTO(0.3) 1215 ± 5 3108 ± 7 
Table 7.1: Total cross sections of A + A and K~ production in three kinematic 
regions: photoproduction, low and high Q2 DIS regimes in the laboratory frame 
(a). Further results in the Breit frame are presented in (b) but only for high Q2 DIS 
events. Theoretical predictions from ARIADNE and LEPTO MC models (with strange 
suppression factor Às, 0.3) are provided. An additional prediction from ARIADNE 
MC sample generated with Às 0.22 is shown as weIl. Both statistical and systematic 
uncertainties are shown for the data. 
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Figure 7.1: The MC predictions on the total cross sections with respect to the data. 
Figures (a) and (b) represent the MC predictions in the low and high Q2 DIS regions 
respectively in the laboratory reference system. Figures (c) and (d) are for the 
current and the target regions in the Breit frame for the high Q2 DIS events only. 
The statistical uncertainties are smaller than the size of the symbols. The shaded 
bands highlighting ±5% away from the nominal value of the data are provided for a 
scale purpose. 
acceptance A was evaluated with Monte Carlo studies. The branching ratios were 
taken as 68.6 ± 0.27% and 63.9 ± 0.5% for Kg -t 1f+1f- and A -t p1f decay channels 
[51], respectively. 
The measured total A + A and Kg cross sections are given in Table 7.1. As a 
comparison to the data, theoretical predictions from the Monte Carlo models are also 
presented. No absolute quantitative predictions are available for photoproduction 
events since the PYTHIA MC is rescaled according to the best fitting of the X~BS 
distribution of the data, as described in Section 6.3. According to the numerical 
values in Table 7.1, two issues are to be discussed with emphasis. The first one 
is the relative strange hadron yields in the current and target regions of the Breit 
frame, se en in Table 7.1 (b). It is clear that the strange production in the target 
region contributes the major part of the whole production for high Q2 DIS events, 
approximately 82% and 66% for A + A and Kg respectively. 
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The second point is about the MC description of the data. Figure 7.1, corre-
sponding to the values in Table 7.1, is made to aIlow the comparison between the 
data and the MC predictions to be easily comprehended. Figures 7.1(a) and (b) 
show the relative difference of three MC predictions for the low and high Q2 DIS 
events, respectively. The shaded band just serves as a scale and indicates a region of 
5% away from the nominal value of the data. In both Q2 regions, the ARIADNE(0.3) 
MC predicts A + A production weIl while the ARIADNE(0.22) MC underestimates 
the production. As to K~ production, the ARIADNE(0.3) MC seems to be sufficient 
to describe the data in the low Q2 region. However, a Às value between 0.3 and 0.22 
is preferred to reproduce the high Q2 DIS events. The LEPTO MC fails for most of 
the cases, indicating that the MEPS approach used to describe the QCD radiation 
is not appropriate in our case. The results shown in Figures 7.1(a) and (b) suggest 
that the optimal Às value to fit the data varies depending on the type of particle and 
the kinematic region considered. 
Similar comparisons have been done in the Breit frame for the high Q2 DIS 
events, as shown in Figures 7.1(c) and (d). Although ARIADNE(0.3) has a good 
prediction for the A + A production in the laboratory system, the description in 
the current and target regions turns out to be poor. A Às value smaller than 0.3 is 
suggested for the current region while a larger one may be appropriate in the target 
region. This could be an indication that tuning only one parameter in MC is not 
enough to match the data even for specific single particle production in different 
kinematic regions. Furthermore, the current region is considered to be comparable 
to one half hemisphere in e+e- experiments. In this region, our data pre fer a MC 
with a Às value smaller than the optimal value 0.3 found at LEP experiments, for 
both A + A and K~ cases. 
The other way to obtain a basic and direct view of the strange particle production 
is to calculate its production rate per event (f). A rough evaluation of the rate f has 
been made for the strange hadron production in the data and the results are given in 
Table 7.2. Similar measurements have been do ne in ZEUS [10] in the kinematic region 
of 10 < Q2 < 640 GeV2, 0.0003 < x < 0.01 and y > 0.04 based on an integrated 
luminosity of 0.55 pb- l . The A and K~ transverse moment a and pseudorapidities 
were constrained by PT > 0.5 GeV and 1771 < 1.3, respectively. From these results, 
the A + A and KO (K~ + K2) production per event were 0.038 ± 0.006(stat.) ± 0.002 
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f(A) f(A) f(K~) 
Photoproduction 0.077 ± 0.001 0.078 ± 0.001 0.270 ± 0.001 
Low Q2 DIS 0.020 ± 0.003 0.019 ± 0.003 0.106 ± 0.005 
High Q2 DIS 0.017 ± 0.002 0.017 ± 0.002 0.093 ± 0.004 
Table 7.2: The observed A, A and K~ production rates per event in three kinematic 
regions: photoproduction, low Q2 DIS and high Q2 DIS regimes in the laboratory 
frame. Only statistical uncertainties are shown. 
(syst.) and 0.289±0.015(stat.)±0.014(syst.), respectively. Since the rate f is subject 
to the considered kinematic regions, it would be hard to make a precise comparison 
in quantity to our results since the measurements are do ne in different kinematic 
regions. But to a good approximation, these results are consistent with the result 
obtained in DIS shown in Table 7.2. 
In a short summary of this section, the total A + A and K~ cross sections have 
r-. been measured and compared with MC predictions. The comparisons suggest that 
tuning only one parameter Às is not enough to fit the data in detail. The production 
rate has also been measured and it agrees reasonably weIl with the early ZEUS 
measurement. 
7.2 DifferentiaI Cross Section 
The total cross section can offer an overall view of the st range hadron production 
while the differential cross section provides more detailed information on both the 
production and the comparison between the data and Monte Carlo predictions. The 
differential cross section is defined as 
dŒ dN 
------dY A . .c . B . ~Y , (7.2) 
where dN is the number of the strange hadrons in a bin of size ~Y, A is the ac-
ceptance evaluated with MC studies, .c is the integrated luminosity and B is the 
branching ratio. In this thesis, the variable Y could be the kinematic variable PT, rt, 
Q2 or x for DIS events, or PT, rt or X~BS for photoproduction events. 
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Figure 7.2: DifferentiaI A + A cross sections as a function of PT, 7J and X~BS in the 
laboratory frame for photoproduction events. Statistical errors (inner error bars) and 
the systematic uncertainties (outer error bars) added in quadrature are shown. The 
solid histogram shows the prediction from PYTHIA with a strangeness suppression 
factor of 0.3. 
7.2.1 Photoproduction Events 
In Figures 7.2 and 7.3, differential A + A and K~ cross sections as a function of 
PT, 7J and x~BS are shown for photoproduction events in the laboratory frame. The 
MC used to describe the data is PYTHIA in which the '\8 was set to be 0.3. Since 
the PYTHIA MC can not correctly predict the absolute cross section of the inclusive 
photoproduction, its differential predictions shown here were normalized to the total 
cross section of the data and then were used to compare with the data. 
The jet energy scale resulting uncertainties were highlighted by the shaded band. 
Generally PYTHIA can predict the distribution shapes as a function of PT and 7J rea-
104 7.2.Differential Cross Section 
ZEUS 
->ai (a) ~ 
c. 
-l-
D.. 10 4 :!2 
t5 
"C 
KO s 
1.5 2 2.5 
PT (GeV) 
:il 35000 r-r-r-r-T-r-T..,........,.......""'-r-r-T.......,..,...,..., 
C. 
';;' 30000 
ID 
~?-25000 
"0 tl 20000 
"C 
15000 
10000 
5000 
,. 
(c) 
'f1nh l··li~.i~-;t '·,F;'!li':!,; .,~ .. 
0LJ...Ju...J....L-I....L...I....L..J..J....J...L....L..J...L-I....I....'-..J 
o 0.2 0.4 0.6 0.8 
XyOBS 
_ 12000 1""1"T"T"T"1,-rr..-M"'T'"T""T"T'T"T"T'"I,-rrT"'M'"1 
.c 
c. 
~ 10000 
~ 
-c 8000 
6000 
4000 
2000 
-1 -0.5 0 0.5 
• ZEUS 96-00 
- PYTHIA 
~ Jet energy scale uncertainty 
Photoproduction 
Figure 7.3: DifferentiaI K2 cross sections as a function of PT, 'fi and x~BS in the 
laboratory frame for photoproduction events. Statistical errors (inner error bars) and 
the systematic uncertainties (outer error bars) added in quadrature are shown. The 
solid histogram shows the prediction from PYTHIA with a strangeness suppression 
factor of 0.3. 
sonably well, as shown in Figures 7.2(a) and (b) and Figures 7.3(a) and (b). However, 
clear discrepancies both in quantity and shape can be seen between the data and 
MC. The dropping tendency of the hadron production with the increasing transverse 
momentum refiects two phenomena. The first one is the production probability of 
'harder' A's and K2's becoming smaller and the other one is the decreasing number 
of the events which contain higher PT hadrons. The rising strange hadron production 
becoming larger as function of 'fi refiects the asymmetry of the initial beam energies 
and the proton remnant related effects. 
The largest differences between the data and the MC prediction are found in 
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Figures 7.2(c) and 7.3(c): the differential A+A and K~ production cross sections as 
a function of x~BS. Two peaks at X~BS around 0.15 and 0.85 in the data are consid-
ered to be associated with different physics processes. As was discussed in Chapter 
4, in the smaller x~BS region (less than 0.75) which corresponds to the resolved pro-
cess, only a small fraction of the photon energy takes part in the interaction with 
the proton, while in the region with x~BS > 0.75, the direct process, the photon 
behaves point-like and gets involved in the interaction completely. Therefore the two 
peaks in the data characterize these two different processes. The multiple interaction 
mechanism was introduced in the PYTHIA MC to give a better description of the 
data in the resolved process. But further improvements are obviously needed when 
comparing the results from the data and from PYTHIA, shown in Figures 7.2(c) and 
7.3(c). PYTHIA predicts a relative fiat distribution and thus fails to reproduce the 
distribution structures, in particular for the A + A production. The contributions to 
this discrepancy due to the poor description of the data by the MC, shown in Figures 
6.8 and 6.9, are estimated and included in the systematic section of Appendix A. 
7.2.2 Low Q2 DIS Events 
The A + A hadrons and K~ meson differential cross sections have been measured as 
a function of two kinematic variables of the strange particle, p.f;'AB and flLAB, and 
two event variables, XBj and Q2 for low Q2 events. Three Monte Carlo event samples 
were generated for comparison. 
The measurement results of the differential A + A and K~ cross sections are 
reproduced in Figures 7.4 and 7.5. There is a general agreement on the cross sections 
when comparing the data with the ARIADNE(0.3) prediction, but not in detail. For 
instance, ARIADNE(0.3) overestimates the cross sections in the lower p.f;'AB region 
while it underestimates them in the larger p.f;'AB region in both A + A and K~ cases. 
Furthermore, none of three MC's can reproduce the excess of data in the lower XBj 
region, where the contributions from the sea quarks and gluons in the proton are 
expected to be dominant. The LEPTO MC with a strangeness suppression factor 0.3 
fails to describe both the A + A and K~ productions. 
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7.2.3 High Q2 DIS Events 
The differential A + A and K~ cross sections are investigated as a function of PJ'AB 
and rtLAB of the hadrons and two event variables XBj and Q2 for high Q2 DIS events. 
Three MC predictions are presented as well. 
The differential A + A and K~ cross sections are shown in Figures 7.6 and 7.7, 
respectively. For the A + A production shown in Figure 7.6, a reasonable agreement 
on the cross sections was found between the data and the ARIADNE(0.3) prediction. 
The ARIADNE MC with a Às value of 0.22 always under-evaluates the data, except in 
the higher XBj region. However, concerning the K~ production, shown in Figure 7.7, 
the data sit in the region between ARIADNE(0.3) and ARIADNE(0.22) predictions, 
/" .. 
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suggesting an ARIADNE MC with a strangeness suppression factor between 0.3 and 
0.22 can match the data well. None of the MC's can reproduce the data in the 
Iower XBj region. Similar to the Iow Q2 events, the LEPTO MC with a strangeness 
suppression factor 0.3 fails. But here it overestimates the A + A and K~ production 
instead. 
The differentiai A + A and K~ cross sections were aiso studied in the Breit frame. 
The results are shown in Figures 7.8, 7.9, 7.10 and 7.11. 
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sm aller than the point size. 
Figure 7.8 shows the differential A + A cross sections as a function of p~reit, 7]Breit 
and x~reit in the current region of the Breit frame. Different from the situation in the 
laboratory system, the comparison of the results between the data and the ARIADNE 
MC's indicates a Às value smaller than 0.3 could fit the data weIl in general. No big 
difference exists between different MC predictions. It is worthwhile to point out 
that the difference between LEPTO and ARIADNE(0.3) was found to be small in the 
current region (see also Table 7.1 and Figure 7.1), indicating the large difference 
between them for the whole sample should come from the target region. 
Figure 7.9 shows the differential A + A cross sections as a function of p~reit, 
7]Breit and x~reit in the target region of the Breit frame. The predictions from ARI-
ADNE(0.3) are acceptable in general and relatively better than the others. The clear 
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Figure 7.9: DifferentiaI A + A cross sections as a function of p~reit, 7]Breit and x~reit 
in the target region of the Breit frame. Statistical errors (inner error bars) and the 
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difference between the two MC's LEPTO and ARIADNE(O.3), which is responsible 
for the difference for the whole sample, can be observed here. The deep dip in the 
lower Pjlreit region was found to be the si de effect of the kinematic cuts applied in 
the laboratory frame. A similar drop happens in the forward 7]Breit region which is 
considered to correspond to the lower pjlreit region to sorne extent. 
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Figure 7.10: DifferentiaI K~ cross sections as a function of p,f3reit, 7]Breit and xWeit in 
the current region of the Breit frame. Statistical errors (inner error bars) and the 
systematic uncertainties (outer error bars) added in quadrature are smaller than the 
point size. 
Figure 7.10 shows the results on differential K~ cross sections as a function of 
p,f3reit, 7]Breit and x~reit in the current region of the Breit frame. A good agreement 
was observed between the data and ARIADNE(0.22). And the predictions from the 
other two MC's are in general acceptable. 
The similar distributions for events in the target region are shown in Figure 
7.11. Both ARIADNE(0.3) and ARIADNE(0.22) can reproduce the data reasonably 
well while the LEPTO MC overestimates the production. Similarly to the A + A 
production in the target region, the sharp drop in the lower p,f3reit and higher 7]Breit 
regions was caused by the cuts applied to select hadrons in the laboratory frame. 
A short summary of this section: the differential A + A and K~ production cross 
sections have been determined for the three kinematic regions. The MC PYTHIA 
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Figure 7.11: DifferentiaI K~ cross sections as a function of p,f3reit, 7]Breit and x~reit 
in the target region of the Breit frame. Statistical errors (inner error bars) and the 
systematic uncertainties (outer error bars) added in quadrature are shown, unless 
sm aller than the point size. 
cannot reproduce the x~BS distribution well in photoproduction. As to DIS events, 
a single tuning of À8 is found to be insufficient to fit the data. Two combined figures, 
7.12(a) and (b), are created to show the A + ft and K~ differential cross sections as 
a function of Q2 for DIS events with Q2 > 5 GeV2, Each lower plot is the relative 
difference between the MC predictions and the data, defined as ((J'MC - (J'data) / (J'data. 
From this ratio, one can clearly see how the MC's describe the data and how À8 
depends on Q2, 
Due to the different dominant fragmentation pro cess in the current and target 
regions of the Breit frame, it was found that more strange hadrons are produced in 
the target region (see Table 7.1). 
114 
ZEUS 
• ZEUS 121 pb·1 
LEPTO (0.3) 
ARIADNE (0.3) 
ARIADNE (0.22) 
7.2.Differential Cross Section 
(a) 
A+A 
-1 
10 0.75 ';;;::====================: 
0.5 .............. 111111 ••••• 
O.2~ ~ ...... ""':"::::m~~II'F"-;!&.l.:.:.·~· .~.~~====---l 
..().25 E,;..j, ........ '-'-I--__ "_"II .... II_',;;,;,,,:l:",.:..:;,":.:.:.'''l.:.:'';;,;,,' .... ''' ..... ''' ..... ''_''' .... ''',,..;"L...'''_'''_'''_"_''' ..... "'.... '''_"_''' .... '',-:''.:.........1 
-1 
10 
ZEUS 
• ZEUS 121 pb-1 
LEPTO (0.3) 
ARIADNE (0.3) 
ARIADNE (0.22) 
10
2 
10 0.75 ';;;::==================~ ~5 ~._ ••••••••• I 
O.2~ r..!'In!'1rr.rrn ................ ..,.....~~ •• ;;.~.;;. ";;;"ffi" ·ffi·~·~· "iTi",;;";;;:" ';;;;:;;=;;;;:;:;=;:;;;:..~ 
-0.25 E...J.--'-.L..J..J..I\ _'_' "_"_"'_" .... ' _'''_'''...,1.'''_"_''' .... '''_''' .... '' ..,1.''' ..... '''.... ' ........ 1--__ '----'-_....-: 
10 
Figure 7.12: DifferentiaI A + A (a) and K~ (b) cross sections as a function of Q2 
for events with Q2 > 5 GeV2 . The lower plot shows the relative difference of MC 
predictions to the data. Statistical errors and the systematic uncertainties are sm aller 
than the point size. 
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7.3 A to A Production Asymmetry 
The presence of the proton, one of the initial state colliding particles at HERA, 
inevitably results in a net Baryon Number (BN) of + 1 in the final hadronic states. 
One possible way to trace down the BN transfer from the initial proton to a final 
baryon is to measure the production asymmetry of a baryon to its anti-partner. In 
the fixed target experiments where one has a very good acceptance in the forward 
region, the influence of the source particle on the final hadron production is manifest 
[88, 89, 90, 91]. Different from that, the general interesting region here at HERA is 
the central part of the detector where a good understanding of the acceptance and 
efliciency can be obtained. Therefore the impact of the initial proton on the baryon 
to antibaryon production asymmetry could be small or negligible in this region at 
HERA since the BN is expected to escape the detector in a different region: very 
forward region over several units of pseudorapidity. 
In this thesis, the .A to A production asymmetry was measured so that the results 
could give a hint of how the presence of the initial proton affects the A production 
and how significant the effect might be. Here we assume the sea quarks in the 
proton will not result in any production difference for a baryon to its antipartner. 
The A production in this measurement acts as a reference for baryon A production 
because it does not have any valence quarks in common with the initial proton while 
.A could take a diquark from the proton to inherit the baryon number and result in 
an asymmetry. 
The A to A production asymmetry was determined by the formula 
A = NA-NA 
NA+NA ' 
(7.3) 
where NA and NA represent the number of A and A over the kinematic range of 
interest, respectively. 
The average A has been measured in the three kinematic regions and the results 
are shown in Table 7.3(a). Further investigation in the Breit frame for high Q2 DIS 
events is also shown in Table 7.3(b). All results lead to the same conclusion that 
no A to A asymmetry was observed in the central region of the ZEUS detector in 
the three considered regions of phase space. The MC models arrive to the same 
conclusion. 
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( a) Laboratory Frame 
A (%) 
photoproduction ZEUS 96-00 -0.03 ± 0.57~g:~g 
PVTHIA(0.3) 0.84 ± 0.12 
ZEUS 96-00 1.85 ± 1.51~g:~~ 
Low Q2 DIS ARIADNE(0.3) 0.11 ± 0.42 
ARIADNE(0.22) -0.14 ± 0.47 
LEPTO(0.3) -0.57 ± 0.44 
ZEUS 96-00 0.64 ± 1.31~~:~~ 
High Q2 DIS ARIADNE(0.3) 0.20 ± 0.37 
ARIADNE(0.22) 0.41 ± 0.42 
LEPTO(0.3) -0.17 ± 0.35 
(b) Breit Frame (High Q2 DIS) 
ZEUS 96-00 1.35 ± 3.28~U~ 
Current region ARIADNE(0.3) -0.13 ± 0.85 
ARIADNE(0.22) 0.12 ± 0.90 
LEPTO(0.3) 0.99 ± 0.80 
ZEUS 96-00 1.52 ± 1.62~U~ 
Target region ARIADNE(0.3) 0.19 ± 0.45 
ARIADNE(0.22) 0.22 ± 0.47 
LEPTO(0.3) -0.70 ± 0.38 
Table 7.3: The average A to A production asymmetries. Theoretical predictions from 
different MC models are presented. Both statistical and systematic uncertainties are 
shown for the data. 
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F· 7 13' Th t N(A)-N(A) f t' f d OBS' th l b 19ure .. e asymme ry N(A)+N(A) as a unc IOn 0 PT, 'Tl an X, lU e a -
oratory frame for photoproduction events. Statisticai errors (inner error bars) and 
the systematic uncertainties (outer error bars) added in quadrature are shown. 
7.3.1 Photoproduction Events 
In addition to the overall asymmetry measurements discussed above, the differentiai 
A to A production asymmetry has aiso been measured in photoproduction as a 
function of PT, 'Tl and X~BS. The results are shown in Figure 7.13. Consistently with 
the average results shown in Table 7.3(a), no significant asymmetries were found in all 
distributions of Figure 7.13. Sorne kinematic regions exist where a small asymmetry 
might be present, for example, in the Iower or higher PT regions. But limited by our 
measurement resolution, aH results in these regions are considered to be consistent 
with zero. 
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F · 7 14 Th N(A)-N(A) f . f pLAB LAB d Q2 . 19ure .: e asymmetry N(A)+N(A) as a unctlOn 0 T ,rJ , XBj an lU 
the laboratory frame for low Q2 DIS events. Statistical errors (inner error bars) and 
the systematic uncertainties (outer error bars) added in quadrature are shown. 
7.3.2 Low Q2 DIS Events 
The differential A to A production asymmetry as a function of p~AB, rJLAB, XBj 
and Q2 has been measured for the low Q2 DIS events in the laboratory frame. No 
evidence was found for any significant asymmetry in all results presented in Figure 
7.14. A zero asymmetry is predicted as well by the three MC models considered in 
this thesis. 
7.3.3 High Q2 DIS Events 
The differential production asymmetry in the high Q2 DIS region is shown in Figure 
7.15. In the full considered p~AB, rJLAB, XBj and Q2 regions, no significant asymme-
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the laboratory frame for high Q2 DIS events. Statistical errars (inner error bars) and 
the systematic uncertainties (outer error bars) added in quadrature are shown. 
tries were seen. The same conclusions were drawn from the three MC predictions. 
Even though no A to A production asymmetries were observed averagely and 
differentially in aIl cases, it might be interesting to notice sorne trends in the results, 
for instance, the increasing tendency of A as PT decreases and as 'Tl increases, shown 
in Figures 7.15(a) and (b). As discussed at the beginning ofthis section, Ais subject 
to the selected kinematic regions. Therefore a non-zero asymmetry could be observed 
if we extend the current acceptance coverage to, for example, larger 'Tl or lower P-tAB 
regions. 
Furthermore, the A has also been measured in the two regions of the Breit frame, 
the current region and the target region, for the high Q2 DIS. The corresponding 
results are shown in Figures 7.16 and 7.17. The separation of the high Q2 events in 
~ .. 
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the Breit frame does not result in any sizable non-zero asymmetries in both regions 
of the Breit frame. The MC predictions on A are consistent with zero and in an 
agreement with the data. 
In all cases discussed above, the baryon to antibaryon asymmetry was consistent 
with zero asymmetry within the measurement uncertainties and well predicted by 
the MC's. This indicates, in our case, that the assumed proton influence on A is 
negligibly small. Consequently the baryons and antibaryons are suggested to be 
produced according to the same mechanism. 
A so-called gluon junction mechanism [92] also exists. It configures the baryon 
as three valence quarks attached by three individual gluons at a 'gluon junction'. 
~" 
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F · 77Th d N(A)-N(A) h f h B 19ure .1: e measure asymmetry N(A)+N(A) in t e target region ote reit 
frame as a function of p,f3reit, 1]Breit and x~reit for high Q2 DIS events. Statistical 
errors (inner error bars) and the systematic uncertainties (outer error bars) added in 
quadrature are shawn. 
In this model, the gluon junction carries the BN rather than the valence quarks. It 
can be used ta explain the large degree of antibaryon ta baryon production in the 
heavy nuclear system, for example in the results from RHIC where an asymmetry of 
around 70% was found in the central rapidity region [87]. A specifie prediction [92] 
due ta this mechanism was made for the HERA 'Y*P or 'YP events at a low x (a level 
of less than 10-3 ). It predicted a non-zero asymmetry of +3.5%. Based on the data 
sample in this thesis, the average zero-asymmetries obtained in low x regions for the 
two DIS pro cesses are not able ta give a clear judgment on this model because our 
total uncertainties are also at a 3% level. 
As our baryon-antibaryon asymmetry is consistent with no asymmetry, A and 
122 7A.A to K~ Production Ratio 
A samples were often combined together for the baryon to meson production ratio 
results in the rest of this chapter. 
7.4 A to K~ Production Ratio 
The A to K~ production ratio (R) was determined by the formula 
(704) 
where NA, NA and NK~ represent the number of A, A and K~ respectively over the 
kinematic regions of interest in the hadron level. 
The average R has been measured in the laboratory frame in the three kinematic 
regions and the results are shown in Table 7A(a). The R values averaged 0.58 in 
photoproduction, approximately 30% more than the R values in the low and high 
Q2 DIS regions where a similar value of 0.36 was observed in both cases. The 
PYTHIA MC does not account for such enhancement in the photoproduction process, 
predicting a R value of about 0041. Concerning the low Q2 DIS events, the prediction 
of R from ARIADNE(0.3) MC agrees well with the data while the other two MC's 
give a relatively smaller R. In the case of the high Q2 DIS events, however, none 
of the MC descriptions on R is satisfactory. Each of them gives rise to a sm aller R 
value than the one from the data. 
Further investigations on R have been carried out in the Breit frame and the 
results are shown in Table 7A(b). Two general conclusions can be drawn according 
to the R values given in this table. First, the MC's predict the R ratio quite well 
for events in the current region but fail to describe the excess of R in the target 
region. Secondly, the A to K~ ratio in the target region is twice as large as that in 
the current region. 
Apart from the average A measurements discussed ab ove , the differential R 
measurements have also been performed in the three kinematic regions. The results 
will be presented in the following few sections. 
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(a) Laboratory Frame 
R(%) 
photoprod uction ZEUS 96-00 57.49 ± 0.36~~:~6 
PYTHIA(0.3) 41.30 ± 0.60 
ZEUS 96-00 36.57 ± 0.60~6:j~ 
Low Q2 DIS ARIADNE(0.3) 36.49 ± 0.18 
ARIADNE(0.22) 34.73 ± 0.19 
LEPTO(0.3) 32.20 ± 0.16 
ZEUS 96-00 36.44 ± 0.51~~:~5 
High Q2 DIS ARIADNE(0.3) 33.17 ± 0.14 
ARIADNE(0.22) 31.03 ± 0.15 
LEPTO(0.3) 33.08 ± 0.13 
(b) Breit Frame (High Q2 DIS) 
ZEUS 96-00 20.67 ± O. 71~g~~ 
Current region ARIADNE(0.3) 20.58 ± 0.19 
ARIADNE(0.22) 19.30 ± 0.19 
LEPTO(0.3) 19.99 ± 0.18 
ZEUS 96-00 45.03 ± 0.79~~:~g 
Target region ARIADNE(0.3) 39.86 ± 0.20 
ARIADNE(0.22) 37.43 ± 0.21 
LEPTO(0.3) 39.11 ± 0.18 
Table 7.4: The average A to K~ production ratio. Theoretical predictions from MC 
models are presented as weIl. Table (b) shows the results obtained in the current 
and target regions of the Breit frame. Both statistical and systematic uncertainties 
are shown for the data. 
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Figure 7.18: The ratio N~::l.. as a function of PT, 'ri and x~BS for the photoproduction 
s 
events. Statistical errors (inner error bars) and the systematic uncertainties (outer 
error bars) added in quadrature are shown. The solid histogram shows the prediction 
from PYTHIA with a strangeness suppression factor of 0.3. 
7.4.1 Photoproduction Events 
The A to K~ ratio has been measured as a function of PT, 'ri and x~BS for photo-
production events in the laboratory system. The result is given in Figure 7.18. A 
clear enhancement of the ratio R was found in the data over the PYTHIA prediction. 
Figures 7.18( a) and (b) show that the excess of the ratio R in the data covers the full 
kinematic regions of PT and 'ri. The main discrepancy between the data and the MC 
prediction takes place in the lower X~BS region, shown in Figure 7.18(c), which is 
dominated by the resolved photoproduction. In the lowest x~BS region, the PYTHIA 
MC predicts R to be around 0.45 while the measured R value from the data is up 
to 0.7. 
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In order to investigate this effect further, a division of the whole photoproduction 
sample was made. As what was discussed in Section 4.2.5, two topologically different 
sub-samples are defined, the fireball-enriched sample and fireball-depleted sample. 
The ratios of A to Kg for both sub-samples in photoproduction are shown in Figure 
7.19. It is found that the large enhancement of R in the data over PYTHIA was 
observed mainly in the fireball-enriched region. The PYTHIA MC reproduces the R 
distribution reasonably well for the fireball-depleted events. 
The RHIC experiment [93] has also reported a large enhancement of baryon to 
meson ratio in a moderate PT region. The cause of this effect is still under debate. 
One possible interpretation is to con si der a 3-dimensional evolution of the created 
partons. The overlap of the parton wave functions in highly dense phase space at 
RHIC is assumed to be much larger than the 1-dimension evolution of partons which 
is the case for e+ e-, or ep DIS. The correlations between different parton originating 
jets could play an important role in the enhancement of the A to Kg ratio. Since the 
multiple interaction mechanism introduced into PYTHIA creates only 'independent' 
partons which fragment locally, the contribution from correlations between different 
partons is therefore not included. Thus a sm aller R value could be expected in 
PYTHIA compared to the data. 
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Figure 7.19: The ratio N~:~j\ as a function of PT, Tl and x~BS in the fireball-enriched 
and fireball-depleted sub-s~mples in the photoproduction process. Statistical er-
rors (inner error bars) and the systematic uncertainties (outer error bars) added in 
quadrature are shown. Two histograms show the prediction from PYTHIA with a 
strangeness suppression factor of 0.3. 
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Figure 7.20: The ratio N~+NA as a function of p.j:AB, 1JLAB, XBj and Q2 in the lab-
K~ 
oratory frame for low Q2 DIS events. Statistical errors (inner error bars) and the 
systematic uncertainties (outer error bars) added in quadrature are shown. The MC 
predictions are shown as lines. 
7.4.2 Low Q2 DIS Events 
Figure 7.20 shows the R distributions as a function of p.j:AB, 1JLAB, XBj and Q2 in 
the laboratory frame for the low Q2 DIS events. There is usually a fair agreement 
in R when comparing the data with ARIADNE(0.3) prediction. The other two MC 
models ARIADNE(0.22) and LEPTO(0.3) give a slightly poorer prediction of the ratio 
R, but they aIl reproduce weIl the shape of the R distributions. Figure 7.20( d) shows 
an almost independent R distribution as a function of Q2, aIl coming to a nearly 
constant value of 0.36 for the data. 
~ 
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Figure 7.21: The ratio N'/v+Nj., as a function of pJ:AB, flLAB, XBj and Q2 in the lab-Kg 
oratory frame for high Q2 DIS events. Statistical errors (inner error bars) and the 
systematic uncertainties (outer error bars) added in quadrature are shown. The MC 
predictions are shown as Hnes. 
7.4.3 High Q2 DIS Events 
Figure 7.21 shows the R distribution as a function of pJ:AB, flLAB, XBj and Q2 in 
the laboratory frame for the high Q2 DIS events. It is reminded that ARIADNE(O.3) 
overestimates the K~ cross section in the lower PT region, as shown in Figure 7.7(a), 
but reproduces fairly well the A production in the similar PT region, as seen in Figure 
7.6(a). As a result, the measured R was underestimated by the ARIADNE(O.3) MC 
in the same region, as shown in Figure 7.21(a). In Figure 7.21(b), the ratio R in 
data has a tendency to increase as flLAB moves to a more forward region, whereas 
MC's are a bit more symmetric around flLAB = O. The R distribution as a function 
,/--
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Figure 7.22: The ratio N~+Nh in the current region of the Breit frame. Statistical 
K~ 
errors (inner error bars) and the systematic uncertainties (outer error bars) added in 
quadrature are shown. 
of XBj is shown in Figure 7.21(c), where a steep rise of the ratio n is observed as XBj 
decreases. At the smallest XBj, it is almost half as likely to get a baryon as a meson. 
ARIADNE(O.3) underestimates this ratio in the lower XBj region, although the same 
trend is present. The ratio n as a function of Q2 is not perfectly described by aIl 
MC's. 
Further studies have been also performed in the Breit frame for high Q2 DIS 
events. The n distributions as a function of p~reit, 1]Breit and x~reit for events in the 
current region and target region are shown in Figures 7.22 and 7.23, respectively. In 
the case of the current region, shown in Figure 7.22, a reasonable agreement on n 
between MC predictions and data is found. GeneraIly, no specific MC stands out 
:-' 
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preferably by itself when comparing the predictions to the data. As to the target 
region, seen in Figure 7.23, an overall excess of R in the data over MC predictions 
was observed. None of the three MC's can reproduce this enhancement weIl. 
In Figure 7.23(a), a steep rise of R value happens in the lowest p~reit bin in 
both MC and the data. The reason for this rise is the cuts used in the laboratory 
frame. Studies on the effects of p.f;'AB and ryLAB cuts on the ratio R in the target 
region as presented in Figure 7.24. The p.f;'AB and ryLAB cuts effects are illustrated 
via MC studies. It was found that the p.f;'AB > 0.6 GeV cut, shown in Figure 
7.24(b), gives ri se to the significant R increase of the first p~reit bin. Because of 
the asymmetric beam energies at HERA, the low PT events in the laboratory frame 
~, 
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Figure 7.24: The effect of PTLAB and rJLAB cuts on the ratio NA+Nx in the target NKo 
s 
region of the Breit frame. This is a MC based study. 
should correspond to the low PT events in the target region of the Breit frame. 
Therefore the PT distribution in the target region, especially in low PT region, should 
be especially sensitive to the PT cut applied in the laboratory frame. 
From Chapter 4, it is known that the Bjorken scaling variable, XBj, and the 
four-momentum-transfer squared of the exchange boson, Q2, are correlated to each 
other. In or der to investigate how n behaves for each independently, we divide XBj 
into four fixed bins while studying the n distribution as a function of Q2. It is noted 
that the event sample here is the combined set of low and high Q2 DIS events, hence 
corresponding to events with Q2 > 5 Ge V2. 
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Figure 7.25: The ratio N'lv+ NX as a function of Q2 for four bins of XBj, in the range 
K~ 
0.6 < p~AB < 2.5 GeV and l 'r/LAB 1< 1.2 for events with Q2 > 5 GeV2 and 0.02 < Y < 
0.95. Statistical errors only are shown. The histograms aH in four figures represent 
predictions from ARIADNE with a strangeness suppression factor of 0.3. 
Figure 7.25 shows the ratio R as a function of Q2 for four fixed bins of XBj. 
These four bins are 2.0 x 10-5 :::; XBj < 3.0 X 10-4 , 3.0 X 10-4 :::; XBj < 6.0 X 10-4 , 
6.0 X 10-4 :::; XBj < 1.4 X 10-3 and 1.4 x 10-3 :::; XBj < 2.0 X 10-2 . Figures 7.25(a) and 
(b) show the low XBj and low Q2 DIS events, which display an almost constant R 
value above 0.4. ARIADNE(0.3) describes the data reasonably weIl there. In the case 
of Figures 7.25(c) and (d) which are corresponding to a higher XBj DIS region, the 
increasing tendency of R can be clearly seen with increasing Q2. But the description 
of the data by MC becomes poorer. 
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(left) and as a function of Q2 for events with Q2 > 5 Gey2 (right). 
An overall view of how R develops with Q2 can be obtained by combining Figures 
7.20(d) and 7.21(d). Together with the ratio R in photoproduction, an extrapolation 
of R in the missing Q2 interval of 1 < Q2 < 5 Gey2 can be obtained, as seen below. 
Figure 7.26 gives a hint of how the ratio R evolves in both the photopro-
duction and DIS processes. Since the photoproduction events were selected with 
Q2 < 1 Ge y2 and the lowest Q2 value for DIS events which this thesis can reach 
is 5 Ge y2 . Therefore a gap of Q2 region from 1 to 5 Ge y2 is left undetermined. 
The photon in the direct photoproduction (x~BS > 0.75) pro cess is considered to 
be point-like, similar to the one in the DIS case, but only at a smaller Q2 value. 
Therefore it could be reasonable to consider the last point in Figure 7.26(left) corre-
sponding to the end point Q2 = 1 Gey2 of the DIS events. Based on this assumption, 
a fiat distribution of R as a function of Q2 in the interval of 1 to 5 Ge y2 is expected, 
between 0.35 to DA. 
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Chapter 8 
Results II: Correlations and 
Polarizations 
In this chapter the second part of the results which include Bose-Einstein correlations, 
rapidity correlations and A polarizations are presented. Each result is followed up 
by discussions and comparisons with the MC predictions or the results from other 
experiments. 
The A polarization measurements have been carried out in three different kine-
matic regimes available at HERA in the laboratory reference system, photoproduc-
tion, low Q2 DIS and high Q2 DIS regions. A natural extension of the polarization 
measurements into the Breit frame was also performed for the high Q2 DIS events. 
The same cuts as those in the previous chapter were applied to select strange hadrons: 
the transverse momentum and pseudorapidity of the reconstructed strange hadrons 
were constrained by 0.6 < PT < 2.5 GeV and 1'rJ1 < 1.2. 
Concerning the correlation measurements, larger statistics are preferred so that 
the corresponding analyses were done only for the photoproduction events. In ad-
dition, the selection criteria on strange hadrons are a litt le different from that for 
polarization studies. Alternatively, the PT and 'rJ, for the correlation measurements, 
were loosely restricted to be 0.3 < PT < 5.0 GeV and 1'rJ1 < 1.5 in order to obtain an 
event sam pie with larger statistics. Study showed that these looser cuts lead to 40% 
more AA pair production events. 
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8.1 Bose-Einstein Correlation (BEC) 
The Bose-Einstein (BE) effect describes the phenomenon of the enhanced production 
of identical bosons, having similar momenta, relative to the single particle production 
spectrum. This effect was observed for the first time by Goldhaber et. al. [94, 95] in 
pp annihilation. The underlying physics attributed to this enhancement is the Bose-
Einstein statistics for a multi-boson system. When multiple bosons are emitted 
closely in phase space, their symmetric wavefunctions will result in a coincident 
spectrum. It is the interference of wavefunctions that gives ri se to the enhancement 
observed in the production spectrum. In this way the statistical observation of the 
enhancement of particle pair production connects information of the pair production 
dynamics in phase space. Therefore the BEC measurement can be utilized as a tool 
to study the space-time structure of the particle emission source (emitter). 
Preliminary results on K~K~ BEC measurement in DIS have been presented at 
several conferences (e.g. [96] and [97]) from ZEUS. By comparing the BEC results in 
different Q2 kinematic regions, a check of the Q2 dependence of the BEC is allowed. 
Furthermore, a hierarchy in the size of the emitter, 'r', was suggested from the results 
in LEP experiments [105], r(m7r ) > r(mK) > r(mp ) > r(mA)' But in this hierarchy, 
the worst disagreement with the prediction is from the kaon BEC measurement. The 
kaon BEC result from this thesis, therefore, offers one more experimental data set 
to check the r dependence on the hadron mass. 
In this thesis, the BEC between double K~ production was studied for the first 
time in photoproduction at HERA. Furthermore, the Fermi-Dirac correlation (FDC) 
for double A(A) production, motivated by the Pauli exclusion principle, was studied 
as weIl. But due to limited statistics, no clear Fermi-Dirac effect was observed and 
therefore it is omitted from this thesis. In the the ory [99], the correlation function 
is defined as follows, 
R( ) P(PI,P2) If( )1 2 Pl, P2 = ( ) ( ) = 1 + Pl - P2 P Pl P P2 (8.1) 
where P(PI) and P(P2), the reference distributions in the absence of the BEC, are 
the single particle density distribution functions for particle 1 and 2 respectively, 
and P(PI, P2) represents the particle pair density distribution function. The f (Pl -
P2) is the Fourier transform of the space-time density distribution of the emitter 
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in terms of the four-momentum difference of the particle pair, Pl - P2' In BEC 
studies, it is customary to make use of the Lorentz invariant variables to replace 
the four-momentum difference of the particle pair, Q~2 = -(Pl - P2)2 _ M 2 -
4f-t2. Here M is the invariant mass of the pair of two identical particles, each of 
which has a mass f-t. Assuming that the emitter obeys a spherically symmetric 
Gaussian density distribution, the correlation function can then be parameterized by 
a standard Goldhaber-like function [100, 101], 
(8.2) 
where the quantity À is the coherence strength factor which is zero for a coherent 
emitter and one for an incoherent source. The parameter r is the radius of the 
emission source. The factor a is the normalization constant and 8 characterizes the 
possible long-range correlations. 
Experimentally, the normalized distribution p( Q12) = 1/ N . dn/ dQl2 is used 
to calculate the particle pair density distribution, where N is the number of total 
particle pairs and n is the number of particle pairs in a Ql2 bin. The multiplication 
of single particle density p(PI) P(P2) in Equation 8.1 is difficult to assess, however. 
Generally an alternative approach is taken instead of the direct calculation of it. 
In this thesis, a so-called mixed event (mix) technique is adopted: a normalized 
distribution Pmix(QI2) for a particle pair is calculated in the way of P(QI2), but the 
only difference is that the paired particles are from different events rather than in 
the same event. The Pmix (QI2) calculated this way ensures the absence of BEC 
for the selected particle pair and is then used to replace p(PdP(P2) as the reference 
distribution. To reduce the non-BE effects and the long range correlations further, a 
MC sam pIe was generated without BE effects and used as a further reference. Finally 
the BEC is determined by the so-called double ratio method 
(8.3) 
The result on K~K~ BEC is given in Figure 8.1, together with a Goldhaber 
function fit on the data distribution, according to Equation 8.2. The extracted 
parameters from the fit are 
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Figure 8.1: The measured BE correlation as a function of momentum difference of 
K~ pairs, together with a Goldhaber function fit. The error bars show the statistical 
uncertainties. 
r = 0.68 ± 0.06 (stat.) fm 
À = 0.92 ± 0.19 (stat.) 
(8.4) 
(8.5) 
The above results extracted in photoproduction are in good agreement with 
the ZEUS preliminary results in DIS [96], but with an improvement on accuracy. 
In [96], the radius r = 0.61 ± 0.08(stat.):J::g:g~(syst.) fm and correlation strength 
À = 1.16±0.29(stat.):J::g:6~(syst.) were reported. The systematic uncertainties in this 
thesis are thus expected to have the same order of magnitude as for the previous 
measurement. 
The consistency of the two results confirms that the BEC is insensitive to Q2, 
one of the conclusions also made in the previous ZEUS publication on pion BEC 
study [98]. The independence of BEC on Q2 agrees with the hypothesis in the LUND 
string model in which the region where BEC takes place is assumed to be determined 
exclusively in the fragmentation stage of the process. 
Figure 8.2 shows the comparison between the result obtained in this thesis and 
the ones from similar studies in ZEUS [96, 98] and LEP experiments [102, 103, 104]. 
~ .. 
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Figure 8.2: A comparison of the BEC results extracted from the K~K~ studies. 
Statistical errors (inner error bars) and the systematic uncertainties (outer error 
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Figure 8.3: The emitter radius r as a function of hadron mass m. The result ob-
tained in this thesis is shown together with the other results from ZEUS and LEP 
experiments. For clarity, the symbol positions of the hadrons were displaced slightly 
from the mass values. The solid line represents the expectation from the Heisenberg 
uncertainty relations with fj.t = 10-24 seconds, and the bands corresponds to the 
expected region between fj.t = 1.5 x 10-24 (upper limit) and fj.t = 0.5 x 10-24 (lower 
limit) seconds. 
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An r values are in a good agreement within errors. The discrepancy between the 
correlation strength Ns, however, can be seen, although most of them are consistent 
with each other within uncertainties. The reason for this discrepancy may be the 
different treatments of the influence from the resonance fo(980) decay. In the ALEPH 
and DELPHI measurements the effect from fo(980) resonance is excluded so that a 
smaller À value was obtained compared to that from other experiments where the 
influence is in. But all the results in the latter case are in a good agreement. 
The dependence of radius on hadron mass has been explored in this thesis. To-
gether with results obtained from other experiments [103, 104, 102], the dependence 
is depicted in Figure 8.3. In this figure, the radius behavior as a function of mass 
is described by four sets of hadrons: pions, kaons, protons and lambdas. Sorne the-
oretical considerations have also been made to link the BEC and the Heisenberg 
uncertainty principle [105], from which a simple relation between radius and mass 
was predicted as r(m) = AI Vfii. Here A cv'fib..t = 0.243 fm GeV~ wherein c 
is the velocity of light and b..t takes the time scale of the strong interaction, 10-24 
seconds. As a comparison with the data, a curve which corresponds to the prediction 
with b..t = 10-24 seconds is given in Figure 8.3. The shaded band there refers to 
the prediction with a b..t region from 1.5 x 10-24 (upper limit) to 0.5 x 10-24 (lower 
limit) seconds. 
In Figure 8.3 the results from kaon BEC measurements show a c1ear departure 
from the expected dependence behavior and the large uncertainties do not allow a 
strong conclusion to be drawn so far. Therefore more accurate BEC measurements, 
especially on kaons, are needed in order to check this dependence behavior. 
8.2 Rapidity Correlation (RC) 
In high energy physics, specific hadron production, especially the baryon produc-
tion, is not well understood and therefore it relies much on phenomenological models 
like the string and c1uster models, as discussed in Chapter 6. In the string model, 
the hadronization is described by several string break-ups whereby quark-antiquark 
(qg) or diquark-antidiquark (DD) pairs are created at the two ends of each string 
break-up. Combined with other neighboring quarks or antiquarks by color force, 
the hadrons are formed. In the case of the cluster model, hadrons are assumed to 
/". 
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Figure 8.4: An illustration of the particle pair correlations proposed in the string 
model due to sharing of a common string break-up. The dotted line represents a 
string and the solid curves describe the development of a qij or DD pair created at 
sorne break-up points in a string. Here q, ij, D, D, B, Band M denote a quark, 
antiquark, diquark, antidiquark, baryon, antibaryon and meson, respectively. Figure 
(a) shows the correlation between a baryon-antibaryon pair. The figures (b) and (c) 
show such correlation for baryon-meson and meson-meson pairs, respectively. 
be created from the decay of colorless clusters. The following decays of clusters 
form hadrons. Coneerning the description of hadron production, the string and the 
cluster models differ in many aspects, though sorne common features exist. One of 
these features is the local compensation of quantum numbers between the neighbor-
ing created hadrons. These quantum numbers could be electric charge, fiavor and 
baryon number etc. As a consequence of this feature, the hadrons are expected to 
be produeed close in rapidity if they share the same string break-up. 
An illustration of the local quantum number conservation during the hadron 
production pro cess in the string model is shown in Figure 8.4. The two pictures 
shown in Figure 8.4(a) are for the case of baryon-antibaryon pair production: in the 
left one, a baryon number compensation exists between the BB pair sinee they share 
the same string break-up from which a DD is produeed. The way in which a baryon 
is produced from a combination of D and q is called direct production. The BB pair 
can also possibly be formed with a meson in between. The corresponding baryon 
production in this case is called popcorn mechanism [106, 107], as what the right 
figure represents. The BB pair produeed according to the popcorn mechanism is 
less correlated than the pair from direct production, consequently leading to a larger 
rapidity difference between BB than that for direct production. In Figures 8.4(b) 
and (c), how two particles are possibly correlated is described for a baryon-meson 
pair and a meson-meson pair, respectively. Similarly, the pairs are correlated because 
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of the quark flavor compensation. 
According to the above discussion above, a production enhancement in the small 
rapidity difference region is expected for the potentially correlated pairs like AA, 
K~K~ and AK~. Here the potentially correlated pairs are those which either the 
baryon number or at least one quark flavor compensates between two particles of 
the pair. But it is not the case for other pairs like AA and AA. Experimentally, the 
effect due to the local quantum number compensation, if it exists, can be revealed 
by studying the rapidity correlation of particle pairs. And further detailed studies 
such as how far the correlation particles can separate and how strong the two par-
ticles correlate will lead to a better understanding of the hadron production in the 
hadronization process. 
For the first time, the RC between strange particles was studied in the photo-
production process at HERA in this thesis. The definition of rapidity is 
_ Il E + Pz 
y - -2 nE . 
- Pz 
(8.6) 
Here E is the energy of a particle in the laboratory frame and Pz is the momentum 
component of the particle parallel to the event momentum direction of the total 
hadronic system. The rapidity correlation function is determined by taking the ratio 
of the normalized distribution density (NDD) of the potentially correlated particle 
pair to the NDD of the particle pair in the reference sample without RC. 
C(I~yl) = n(l~yI)INpair , 
[n( 1 ~y 1) 1 Npair lmix (8.7) 
where ~y is the rapidity difference of the paired particles and ni N is the NDD of 
the pair. Here the numbers are from the detector level. The reference NDD is taken 
from the mixed (different) events in which the rapidity correlation for particle pairs 
is absent. To a good approximation, C(I~YI) is defined as a ratio so that the detector 
effects, uncertainties and efficiencies are canceled out at the first order. 
Figure 8.5 shows the NDD for AA + AA and AA pairs for both the data and 
reference sample (the uncorrelated sample in the data), together with the prediction 
from PYTHIA. For pairs with a non-zero baryon number (AA + AA), no difference 
was observed in the distributions between the data and PYTHIA and the uncorrelated 
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Figure 8.5: The normalized density distributions for AA + AA and AA pairs. The 
uncorrelated density distribution is from the mixed event sam pIe and the theoretical 
prediction is from PYTHIA. Only statistical errors are shown. 
sample. In contrast, an obvious enhancement of the pair production in the small 
rapidity difference region is se en for AA pairs, shown in the right plot of Figure 8.5. 
The PYTHIA MC has predicted such an enhancement too. Comparing this two cases 
(left picture and right one), the difference could be easily understood. The local 
conservation of the baryon number or quark flavor results in the enhancement of 
AA pair production at the small rapidity difference region. As to the AA and kA 
production, however, no such quantum numbers compensates. 
Figure 8.6 shows the NDD for the baryon-meson pair AKg and the meson-meson 
pair KgKg in the data and reference sample, together with the prediction from 
PYTHIA. Since the quark flavor could be compensated between A and Kg production, 
the PYTHIA predicts an enhancement of AKg pair production with a sm aller rapidity 
difference compared to the uncorrelated pairs, as what is shown in Figure 8.6(left). 
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Figure 8.6: The normalized density distributions for AKg and KgKg pairs. The 
uncorrelated density distribution is from the mixed event sam pIe and the theoretical 
prediction is from PYTHIA. Only statistical errors are shown. 
In the data, a similar excess over the uncorrelated distribution at the small rapidity 
difference region is also found, supporting the local conservation of the quantum 
numbers. In the case of double Kg production in Figure 8.6(right), the same effect 
occurs. An enhancement production appears in the data and MC in the low I~YI 
region compared to the distribution of the uncorrelated sample. However it should 
be noted that the resonances which decay into KgKg pair might give contributions 
to this effect too. No attempt was made to evaluate the individual contributions 
from each si de in this thesis. 
Taking the ratio of the ND D from the data to the one from the uncorrelated 
sample, the rapidity correlation as a function of the rapidity difference is obtained 
and shown in Figure 8.7. Except for the AA + AA distribution in Figure 8.7(a), 
aIl other three sets of pairs display a feature of a rising C (1 ~Y 1) with decreasing 
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Figure 8.7: Rapidity correlations as a function of the rapidity difference for four sets 
of particle pairs. The MC prediction from PYTHIA is shown. Only statistic errors 
are given. 
l.6.yl. At somewhere around l.6.yl = 0.6 rv 0.7, C(I.6.yl) go es up to a value larger 
than 1, indicating the start region of the visible correlation effect. In analogy to 
BEC (Section 8.1), further parameterization of the RC can be assessed with a linear 
function fit in the lower l.6.yl region. There might be sorne other functions which 
can be used to extract these parameters, but here just for simplification, a first 
or der polynomial function is applied. Also, because the rapidity correlation happens 
mainly in the lower l.6.yl region, the fit is only performed in the region l.6.yl < 1.0, 
therefore the effects due to sorne possible long-range correlations could be reduced. 
An example of the parameter extraction is given in Figure 8.8. The left plot 
shows the RC of AK~ pairs and the linear fit to the data. The plot in the right hand 
shows how the parameters which characterize the RC are extracted. The intercepts 
of the fit in the x and y coordinate axes are defined as the correlation range, r, and 
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Figure 8.8: An example of the parameter extraction for rapidity correlations. The 
first order polynomial function was applied to fit the data in the small b.y region 
b.y < 1.0. The right plot shows how the x-intercept and y-intercept of the fit 
correspond to the parameters r and À respectively. 
the correlation strength, À. The parameter r tells how far the correlated particles 
can separate from each other in rapidity and the À is interpreted as the strength of 
the rapidity correlation existing within the particle pairs. It is noted that the same 
procedure was applied to the RC from the MC PYTHIA, therefore the values of r 
and À from Monte Carlo were also offered for comparison with the data. 
The extracted r and À results for AA, AK~ and K~K~ pairs are shown in Figure 
8.9. The predicted values from the PYTHIA MC are also shown. Concerning the 
extracted r, it is obviously seen that radii, for aIl pairs in data and PYTHIA, are 
consistent with each other within the uncertainties. The clear correlation in rapidity 
takes place in the lower rapidity difference range somewhere below 0.6 and PYTHIA 
has a good prediction on that. However, À values differ from each other for different 
pairs, and the MC predictions on À are poor. Large À differences between the data 
and PYTHIA happen for AA and K~K~ pairs. Two possible reasons account for 
the discrepancy. The first one is the inadequate description of single A and K~ 
production by the PYTHIA MC in photoproduction, as discussed in Section 7.2, and 
even more pronounced for the A and A production. The second one is the influence 
of uncounted possible resonances in PYTHIA. 
A check on the stability of the results was performed by varying many kinematic 
cuts used for this analysis. No significant changes on the result was found. 
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Figure 8.9: The extracted values of the correlation range and strength for three sets 
of potentially correlated particle pairs. The MC predictions from PYTHIA are shown. 
Only statistic errors are given. 
Further RC studies could be carried on by adding more MC predictions from 
different models, for example the cluster model. And even more, the popcorn mech-
anism implemented in the string model could also be checked. By adjusting the 
parameters relevant to the popcorn mechanism, the optimal values to describe the 
data could be found and therefore a better understanding on the fragmentation pro-
cess could be obtained. 
8.3 Polarization 
The A polarization has been investigated previously both experimentally [111] and 
theoretically [115, 112, 113, 114] since the striking discovery of A polarization in 
inclusive production pro cesses in the 1970s [116, 117]. The interest of the study 
on A polarization is that it offers an easy and effective way to study spin physics. 
First, the parity violating A decay into P7r- automatically reveals the A polarization 
through the angular distribution of its decay products. Secondly, in the framework 
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of the simple quark model, the ud diquark in A is in a spin and isospin singlet state, 
leaving the s quark to carry the total spin of A hyperon. Therefore the presence of 
A polarization indicates a polarized s-quark in A. 
The A(A) polarization is derived from the slope of the angular distribution of the 
positively charged decay product of the A(A) hyperon. If we take the A polarization 
as an example, then the polarization is defined as 
dN 1 
dO ex 47f (1 + aP cos e) (8.8) 
in the A rest frame, where a = 0.642 ± 0.013 [51] is the decay asymmetry parameter 
and P is either the longitudinal (111) or transverse polarization (Pl..). If e is the angle 
between the decay proton momentum and the A momentum, then the measured P 
is the longitudinal polarization. On the other hand, if e is the angle between proton 
momentum and fi = Pbeam x PA, where Pbeam and PA are the momenta of the electron 
beam and A respectively, then the measured P is the transverse polarization. The 
A polarization measurement reported in this thesis was performed in ep collisions, 
therefore the spin structure of the proton and the quark to hadron fragmentation 
process in ep collisions are closely related to the measured results. 
Similarly, a measurement of K~ polarization was performed as weIl, even though 
no K~ polarization is known or predicted. We provide its results just as a cross check 
of the analysis procedure and a systematic uncertainty reference for the A polariza-
tion. The decay product 7f+ from K~ was considered for the angular distribution. 
It is worthwhile to mention that an opposite sign of the polarization could be 
possible for the same measurement wh en results are derived from the angular distri-
bution of a different decay product. Since the sign of the polarization is also a key 
argument of some theoretical predictions, care must be taken in the sign discussions. 
The angular distributions of the A, A and K~ decay particles in the high Q2 DIS 
are presented in Figures 8.10 and 8.11 for transverse and longitudinal polarizations 
respectively. The value of the polarization is determined from a first or der polynomial 
fit of the data. Since the outcomes are similar in the other polarization measurements 
for photoproduction and in the low Q2 DIS regions, the other figures need not be 
presented here. 
A veraged over the full kinematic range, the measured results are listed in Table 
8.1 for A, A and K~ in the three kinematic regions: photoproduction, low Q2 DIS 
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Figure 8.10: Transverse polarization measurement in the high Q2 DIS region. The 
figures show the angular distributions of the positively charged decay particle from 
A, A or K~. Statistical errors are shown. The first order polynomial fit (solid line) 
from which the polarization is obtained is also shown. 
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Figure 8.11: Longitudinal polarization measurement in the high Q2 DIS region. The 
figures show the angular distributions of the positively charged decay particle from 
A, A or K~. Statistical errors are shown. The first or der polynomial fit (solid line) 
from which the polarization is obtained is also shown. 
and high Q2 DIS pro cesses. The measured A and A polarizations, both transverse 
and longitudinal, are consistent with zero within the resolution of the analyses. The 
reference polarization of K~ was indeed measured to be zero, verifying the procedures 
of the measurement. Further investigations in the current and target regions of the 
Breit frame for high Q2 DIS events, shown in Table 8.2, do not give any significant 
polarizations either. 
AH in aH, the measured A polarizations are consistent with zero and therefore 
no preferential planes were suggested to exist for A production. 
To date, the mechanism of the A polarization is still not clear. Several theoreti-
cal considerations exist attempting to explain the underlying physics. For example, 
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photoproduction (%) 5 < Q2 < 25 Ge y2 (%) Q2 > 25 Gey2 (%) 
pA 
1- -2.0 ± 2.0~~:g +1.6 ± 4.9~~:g +1.4 ± 4.3~~:~ 
lit -2.7 ± 4.2~~:~ -10.3 ± 11.1~f3~4 -4.1 ± 9.3~g6\ 
pA 
1- -6.1 ± 1.9~~:g -3.3 ± 5.1~n +0.9 ± 4.1~~:g 
lIf +11.1 ± 4.1~ii:~ +32.2 ± 12.2~~9~2 +10.7 ± 9.5~~O~2 
pK~ 
1- -1.2 ± 0.7~6:â -1.9 ± 1.3~g:~ -1.5 ± 1.1~g:~ 
p,K~ 
"II +3.7 ± 1.0~6:~ -3.6 ± 2.0~8:~ +1.3 ± 1.6~~:~ 
Table 8.1: The A, A and K~ polarizations measured in the three interested kinematic 
regimes in the Laboratory system. Both statistical and systematic uncertainties are 
shown for the data. 
Q2 > 25 Gey2 Current region (%) Target region (%) 
pA 
1- +11.8 ± 11.1~~:~ +2.9 ± 5.5~U 
lit -11.5 ± 24.5~~~5 -8.8 ± 11.7~i~7o 
pA 
1- +9.3 ± 10.9~â:~ -5.6 ± 5.2~~:I 
lIf +34.3 ± 26.0~~g +25.4 ± 12.7~~3~6 
pK'S 
1- +0.3 ± 2.3~g:~ -2.1 ± 1. 7~i:~ 
p,K~ 
"II -0.4 ± 2.9~g:~ -1.5 ± 2.2~8:~ 
Table 8.2: The A, A and K~ polarizations measured in the Breit system for high Q2 
DIS events. Both statistical and systematic uncertainties are shown for the data. 
theoretical models like the DeGrand-Miettinen model [118] assume that the A polar-
ization is exclusively due to the spin of the s constituent quark while, on the other 
hand, others [119, 120] argue that the polarization also contains contributions from 
the other constituent quarks of A and might come from gluons as well. But none of 
them is decisive or satisfactory enough to interpret all of the data. More information 
about the theoretical models can be found in [115]. 
Since there is no intention of discussing all the possibilities from theoretical 
predictions in this thesis, only the possible s contributions to the A polarization is 
considered and used to understand the results. The s polarization could be related 
to the Thomas precession effect proposed in the DeGrand-Miettinen model [118] or 
from the gluon bremsstrahlung or heavy flavor decay in the fragmentation pro cess 
152 8.3.Polarization 
suggested in the quark parton model [119]. As discussed in Section 2.5, the dominant 
contribution to the strange hadron production in this study is the pure fragmentation 
process. This means that the 8(8) created during this pro cess does not possess a 
sizable spin polarization. On the other hand, the prevalent contribution from the 
fragmentation pro cess makes the study on the rest contributions difficult, provided 
that no separation is made. A Monte Carlo study based on the high Q2 DIS events 
shows that the struck 8(8) quark induced A(A) production accounts for at most 15% 
of the total A production on average. According to the DeGrand-Miettinen model, it 
is this 15% A attributed pro cess in which the 8-quark polarization and the consequent 
A polarization could happen. Here the argument is that even if it is possible that 
there is A polarization in this 15% A's, but it might become too small to be observed 
in the overall A production within the resolution of the study. Or there may be no 
polarization at aIl. Further studies are expected to provide a better understanding 
of the polarization mechanism, for example a study based on larger statistics or with 
a different set of cuts (extending to forward region or low PT regions) can provide a 
(/~ more sensitive measurement. 
The HERA II data provide a source of the spin in the polarized electron beam. 
The longitudinally polarized electron is expected to transfer its spin, more or less, to 
the struck quark via the mediator photon and consequently result in a polarization 
of final hadrons which inherit the spin. Therefore, similar A polarization studies can 
in princip le observe the polarization. But the measured polarization might be small 
because the spin transferred from the initial electron will be diluted in most cases 
by the large multiplicity of the final hadrons. 
Chapter 9 
Conclusions and Outlook 
The inclusive production of neutral strange particles, A, A and K~, has been studied 
extensively in deep inelastic scattering and photoproduction pro cesses with the ZEUS 
detector at HERA. The total integrated luminosity used for this thesis is 121 pb-l, 
which was collected by the ZEUS detector at the HERA running period from 1996 
to 2000. Three kinematic regimes are considered: high Q2 DIS events selected with 
Q2 > 25 Gey2 and 0.02 < Y < 0.95; low Q2 DIS events with 5 < Q2 < 25 Gey2 
and 0.02 < Y < 0.95 and photoproduction process (Q2 < 1 Gey2) where at least two 
jets are required. For aIl measurements except the correlation studies, the transverse 
momentum and pseudorapidity of the selected hadrons were constrained by 0.6 < 
PT < 2.5 GeY and l 'fl 1< 1.2 in the laboratory frame, respectively. In order to 
accumulate larger statistics, the PT and 'fl were restricted loosely to be 0.3 < PT < 
5.0 GeY and l'fll < 1.5 for correlation measurements. 
Several individu al results have been obtained in this thesis and the conclusion 
on each of them is given in the following few sections. 
9.1 Cross Section Measurements 
The total cross sections and the differential cross sections of the st range hadron 
production at HERA have been measured for both DIS and photoproduction events, 
and the results were compared with the available Monte Carlo models. 
In general, the ARIADNE MC gives a reasonable description of the DIS data, 
but discrepancies can be clearly seen in the details. The Às (strangeness suppression 
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parameter) influence has been further checked by using two different Às values, 0.22 
and 0.3, to be compared with the data. The comparisons between the data and 
Monte Carlos imply that the optimal Às depends on the type of strange hadrons and 
the selected kinematic regions. This conclusion agrees with the observation from 
[14]. Correspondingly, more than one parameters are suggested to be tuned together 
in or der to reproduce the data better. The LEPTO MC fails to predict the data. 
The extended cross section measurements in the Breit frame for high Q2 DIS 
events show that the strange hadrons are mainly produced in the target region, where 
the proton remnant fragmentation is expected to be dominant. The production in 
the target region are estimated to be approximately 80% and 66% of the who le 
production for A and K~, respectively. 
The PYTHIA MC, generated with the multiple interaction mechanism [54], was 
used to describe the photoproduction data. The strange particle cross sections as 
a function of X~BS are not weIl described by the PYTHIA MC, especiaIly in the low 
X~BS region. Even though the implementation of the multiple interaction mechanism 
improves the description of the photoproduction data in the low X~BS region [45], 
the shortcomings of PYTHIA can be still clearly seen. 
9.2 Baryon to Antibaryon Asymmetry 
The baryon to antibaryon production asymmetry has been studied by measuring A 
to A asymmetry, A = ~~~~~, in the three selected kinematic regions. In aIl cases, 
neither the average nor the differential A was different from zero asymmetry in the 
phase spaces of interest. An MC's available have a good prediction on the symmetric 
strange baryon to antibaryon production. 
No asymmetry implies that the baryon number flow from the initial proton hardly 
affects the st range hadron production in the main detector region at HERA. In 
another word, it also means that the possible baryon number carrier (or carriers) is 
considered to pass through the detector without being detected. As a result, A and 
A are assumed to be produced according to the same mechanism. 
One kind of possible baryon number carrier is related to the valence quarks in 
the framework of the Quark Parton Model [7, 8]. The resulting signature of this 
hypothesis can be an increasing A with increasing 'f/ because of the large asymmetric 
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momenta of the colliding beams at HERA. Such kind of tendency seems to appear 
in Figure 7.15(b), even though not significantly. However, later observation in the 
target region (Figure 7.17) does not confirm the possible larger A in the region where 
the proton remnant plays an important role. Therefore no baryon number transfer 
from the proton beam to strange hadrons via valence quarks was observed in the 
central detector region. 
As previously mentioned in Section 2.6.2, the baryon number can also be de-
scribed to be associated with the gluon junction instead of the valence quarks in 
the work of gluon junction mechanism [92]. This mechanism is able to predict the 
baryon to antibaryon asymmetry measured at RHIC [87]. A dedicated prediction 
[92] on the baryon to antibaryon production asymmetry at HERA was made ac-
cor ding to this mechanism, from which a positive A of 3.5% was expected at low x. 
However, the A observations in this thesis, +1.85 ± 1.51~g:i% in the low Q2 DIS 
and +0.64 ± 1.31~~:n% in the high Q2 DIS, have a total uncertainty of the order of 
3%, so these values can not be applied to judge the gluon junction mechanism with 
sufficient accuracy. 
9.3 Baryon to Meson Ratio 
The production ratio of strange baryons to mesons, R = N~+Nx, has been investi-
K~ 
gated by studying the relative A and K~ production yields. The measured ratios 
were compared to theoretical predictions and to results from other experiments. 
The R values measured in the high and low Q2 DIS events are about 36% and 
the ARIADNE(0.3) MC gives a reasonable description on this value. The comparisons 
of the differential R between the data and MC's, across the variables investigated, 
confirm that more parameters rather than the mere Às are needed to be tuned in 
order to fit the data. 
A nearly independent behavior of R as a function of Q2 was observed across the 
whole Q2 coverage region from 5 to 500 Ge V2 . It might be hard to interpret the 
results in the light of the results from the strange production in e+ e- annihilation 
where an increasing baryon to meson ratio was shown as the center-of-mass energy 
increases. The e+ e- results can be explained in a way that the larger energy provides 
larger phase space available where relatively more A's are produced than K~'s. In 
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our case, the Q2 itself does not represent the effective colliding energy and therefore 
the other correlated kinematic variable x should be considered. Further study of the 
n at fixed x values as a function of Q2 was investigated and the result is given in 
Figure 7.25. The rising trend of n was found as Q2 increases. 
An extrapolation of the n value in the range from 1 to 5 Ge y 2 which is not 
covered in this thesis was made. The n value was determined to be about 0.35 to 
0.4 in this range. 
Studies in the Breit frame bring deeper understanding of the strange hadron 
production. The n value in the current region of the Breit frame was evaluated to 
be about 0.2. This value is consistent with that from the e+e- annihilation data. At 
e+e- [121], for center of mass energy from 10 to 200 GeY, n varies from about 0.2 
to 0.4. The n value measured in the target region was found to be twice as large as 
that in the current region. It is already known, from the A to A asymmetry study 
in the target region, that no extra influence from the proton beam on the baryon 
production was showing up. So the difference should be associated with something 
else related to the features of the two regions in the Breit frame. We will discuss this 
later together with n results from the photoproduction events. 
A clear enhancement of n was found in photoproduction, especially in the re-
solved process. The introduced multiple interaction mechanism in PYTHIA can im-
prove the strange hadron production in the resolved pro cess to sorne extent. However, 
it can not adjust the relative yield of strange hadrons and mesons, as shown in Figure 
7.18. Sorne theoretical models like recombination (or coalescence model) were devel-
oped to interpret the large relative baryon to meson production observed at RHIC 
experiments [93]. In the recombination model, the overlap of the wavefunctions of the 
multiple jets is considered to provide a larger phase space for the dense area where 
the baryon production is increased relative to the meson production. Based on this 
concept, the fragmentation in the target region in our DIS case can be thought to be 
more complex or dense than the single parton fragmentation in the current region 
and therefore a n of 0.45 is found, larger than the 0.20 in the current region. Here 
the proton remnant fragmentation region can contain more than one parton initiated 
evolutions which is however not the case for the current region. 
As mentioned previously, the photoproduction at HERA behaves like hadronic 
collisions where multiple interactions are assumed to be present. Compared to the 
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DIS, multiple jets production can readily occur in photoproduction. The overlaps 
of the jets in close phase space allows a baryon production larger than for mesons. 
The increasing n with decreasing x~BS gives a hint that the larger the probability of 
multiple jets, the larger the baryon production enhancement will be. Such trend can 
be proven further with the two subsamples which have different jet scenario, fireball-
enriched and fireball-depleted samples. The fireball-enrich sam pIe corresponds to 
an highly isotropic jet distribution (or not clear jet structure, or like fireball) in 
the phase space while the fireball-depleted sam pIe refers to the events which have 
a clear jet structure. It can easily be imagined that extent overlaps of the multi-
jets in the fireball-enriched events should bring larger effect on n than that in the 
fireball-depleted sample. Therefore the larger n takes place in the fireball-enriched 
events. 
The effect of the correlations or the overlaps of the multi-jets also give a hint 
where the shortcomings of the PYTHIA MC in describing n could be. It indicates 
that the deficit in PYTHIA could be the multiple interaction mechanism, provided 
we believe the string model, used in both ARIADNE and PYTHIA, from its descrip-
tion in DIS. Since multiple interactions are produced independently in PYTHIA, one 
may think that the absence of correlations between these interactions, subsequently 
between the jets developed from these interactions, is responsible for the failure in 
the n description. 
9.4 Bose-Einstein Correlation (BEC) 
The Bose-Einstein correlation of K~K~ pairs has been investigated in the photopro-
duction sam pIe at HERA. The extracted source radius r and the correlation strength 
À were 0.68 ± 0.06 lm and 0.92 ± 0.19, respectively. These results are consistent 
with the ZEUS preliminary results in DIS but have a better accuracy. Aiso a good 
agreement with the LEP results was found. 
The BEC dependence on Q2 was investigated and the results do not show a 
sensitivity of BEC with respect to Q2. This observation agrees with the string 
model hypothesis in which the BEC is assumed to be determined exclusively in the 
fragmentation process. 
Furthermore, the r dependence on the hadron mass was checked with the radius 
r-' .. 
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result obtained in this thesis. An overall mass dependent trend can be seen with 
the radius results from pion BEC, and proton and lambda Fermi-Dirac Correlation 
(FDC) studies. In Figure 8.3, it can be seen that the result for kaons is the one 
which is in poor agreement with the predictions. 80 more studies on the kaon BEC 
with better precision or higher statistics are needed. 
9.5 Rapidity Correlation (RC) 
The rapidity correlations have been measured for the first time at HERA to study 
the local quantum number conservation during the hadron formation process. The 
expected relative production enhancement in rapidity, predicted by the string model, 
was clearly observed for particle pairs for which either the quark flavor or baryon 
number compensation exists. The enhanced production supports the local quantum 
number conservation concept adopted in the string and cluster models. 
ln analogy to BEC studies, the RC effect was parameterized with two variables, 
r and À. The variable r tells how far the pair particles can be separated from each 
other in rapidity and À is interpreted as the strength of the rapidity correlation 
existing within the particle pairs. For aIl the potentially correlated particle pairs like 
AA, AK~ and K~K~, the r was measured to be about the same, rv 0.6, while Às differ 
from each other. 8ince the À is somehow related to the situation of the quantum 
number conservation, for example the different type of quark flavor compensation or 
different number of flavors involved in the compensation, À varies. 
The PYTHIA MC predicts the r values weIl. But discrepancies exist on À between 
the predictions and the data for AA and K~K~ pairs. A reasonable explanation on 
the discrepancy is the absence in the MC simulation of resonances which can decay 
into these pairs. But it does not exclu de other reasons. Further studies to understand 
this difference are needed. 
9.6 A Polarizations 
Both the transverse and longitudinal A polarizations have been measured for the 
first time with HERA 1 data in the three event samples. The determination of 
the polarizations was performed by measuring the decay proton distributions in the 
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A production planes. In aIl cases, the measured A polarizations were consistent 
with zero within the uncertainties. The same conclusions can be drawn from further 
studies in the Breit frame for high Q2 DIS events. The cross check on K~ polarizations 
verified the procedure of the measurement. 
In the framework of the DeGrand and Miettinen [118], a sizable transverse polar-
ization will be obtained if the strange quark gains acceleration or deceleration during 
the pro cesses from its production to the formation of a A with two other quarks. The 
polarizations appearing this way will give an indication of any preferred planes for 
A production. The understanding of the results obtained in this thesis could be as 
following in the light of the DeGrand and Miettinen mechanism. The possible A pro-
duction which could show polarization due to the acceleration or deceleration of the 
struck quark was estimated to be at most 15% of the whole A production according 
to Monte Carlo studies. Since no polarization was measured in this thesis, we may 
think that the polarization of this 15% A's, if non-zero, averages to a much smaller 
value once we determine the polarization for the whole sam pIe , or there is no polar-
ization at aIl. No preferential direction for A production in the selected kinematic 
regions was suggested by the measurement in the thesis. 
Because the longitudinal A polarization is expected to be related to the beam 
polarizations, the zero longitudinal polarization measured in this thesis is plausible 
for HERA l data which were produced with unpolarized beams. But for HERA 
II data since 2000, the electron beam has been longitudinally polarized at a level 
of about 40%. Sorne fraction of the electron polarization thus will be expected to 
transferred to the final hadrons. As a consequence, the final A's will also inherit, 
more or less, longitudinal polarizations. However, it is worthwhile to note that A 
polarization obtained this way could be smaIl, or even smaller than the uncertainties 
of the measurement since the total electron polarization will be shared and diluted 
by the who le or al least part of the final hadronic system. 
9.7 Outlook 
Sorne analyses mentioned above are not yet completed due to the limited time and 
restricted scope of this work, but it could be of interest to investigate further on the 
issues listed below: 
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• Does the BEC behave differently in the fireball subsamples and two regions in 
the Breit frame? This will check the BEC dependence on the fragmentation 
regions with different features and it will eventually lead to a better under-
standing of the hadron production; 
• The PDC should be determined using a combined HERA 1 and HERA II data. 
Then the radius dependence on the hadron mass can be investigated with solely 
HERA results; 
• Quantitative predictions on RC from the cluster model should be strongly 
supported. The parameterized RC provides a tool to discriminate different 
Monte Carlo models. Further study on the popcorn mechanism will allow us 
to understand more details of the hadron production; 
• The polarizations must be measured again with the HERA II data. The longi-
tudinal polarized electron beam is expected to result in the observation of the 
strange hadron polarization. 
Appendix A 
Determination of Systematic 
U ncertainties 
The main sources which contribute to the systematic uncertainties were investigated 
by repeating the measurement procedure with numerous variations of the cuts or 
methods used. The amount of the variation was determined according to the resolu-
tion of the eut. GeneraIly a value of three times the standard deviation is used. Then 
the total systematic error was calculated by combining in quadrature each individ-
ual contribution. The uncertainties due to the choice of MC could be evaluated by 
comparing the results to the actual MC from a different MC model, but no alternate 
models were available for this purpose and consequently one should keep in mind 
that no such kind of uncertainty is given in this work. 
In the following sections aIl effects on differential cross sections and polariza-
tion from the variations of cuts and procedures are summarized. The systematic 
uncertainties on baryon to antibaryon production asymmetry and baryon to meson 
production ratio measurements are derived from the corresponding uncertainties of 
cross section measurements. Therefore we do not provide explicitly the uncertainties 
of the production asymmetry and ratio measurements. 
The sources of systematic uncertainty will be given below in decreasing or der of 
dominance. 
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A.l Photoproduction Sample 
• The transverse energy of the dijet was varied by ±0.2 GeV. The changes of A 
cross sections were generally about 1 %. The effects on K~ cross section were 
less than 1% except in the lowest x~BS region where "'1% effect was observed. 
• The variation of cut YJB by ±0.0006 has a general "'1% effect on both A and 
K~ cross sections. The largest effect was found at the lowest X~BS region where 
the effect is up to 2%. 
• The transverse energy of the tracks was changed by ±0.03 GeV and the overall 
contributions from this variation was found to be 2"'4% for A, but a few percent 
for K~ productions. The largest uncertainty about 4",6% was observed in the 
lowest PT and lowest x~BS regions for A cross sections. 
• The A selection mass window was tightened to 1.107",,1.125 GeV. An overall 
4 % effect has appeared. The mass window for K~ was also changed tighter to 
0.47",0.53 GeV, but a general "'1% effect was found. 
• The variation due to the energy scale uncertainties of the calorimeter was given 
separately as a shaded band on the cross section figures. It is determined with 
MC studies via varying E~t by its uncertainty of ±1 % for events with E~t > 10 
GeV and ±3% for the rest events [122]. 
• The contributions from variations of the requirements on Ye (±0.5), p~/ ET 
(±0.2), Zvertex (±5 cm), ".,trk (±0.1), the collinearity eut (±0.05), the mass cuts 
to reject A from K~ selection and the mass cut to reject K~ from A selection 
were considered. The effects arising from these cuts were typically below 1%. 
A 2% uncertainty due to the luminosity measurement was included for the cross 
section. The uncertainty related to the branching ratios was neglected. 
The systematic uncertainties due to the poor agreement (Figures 6.7 and 6.8) 
between the data and MC are estimated. The relative differences between the data 
and MC are estimated to go· up to 60% in the very low X~BS region, 25% in the 
medium X~BS region and 15% in the large PT region for both A and K~ cases. Their 
average discrepancies are however 2.8% for K~ and 3.6% for A. These disagreements 
will result in additional systematic uncertainties to these average levels. But such 
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impact is expected to be mainly on the cross section measurement since these uncer-
tainties due to the poor description by MC are expected to be canceled out at the 
first or der for the other measurements such as the asymmetry, ratio and correlation 
studies. These uncertainties are NOT included in the final uncertainties shown in 
the previous result chapters. 
As an example, the systematic uncertainties for K~ total cross section measure-
ment are given in Table A.1. The uncertainty resulting from the variation of each cut 
is shown. The total uncertainty, calculated by adding an contributions in quadrature 
first and then calculating the square root value of this sum, was determined to be -2.5 
x 10-2 and +6.0 x 10-3 • These two lower and upper values were used to calculate 
the uncertainties for the K~ total cross section measurement shown in Table 7.1. 
The dependence of the cross sections on these variations are shown bin by bin 
in Figures A.1 and A.2. Figure A.3 shows the similar systematic uncertainties for 
polarization measurements. 
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Cut Variation a'-a a 
+ -
E jet T ±0.2 GeV -6.5 X 10-5 1.6 X 10-3 
Ye ±0.5 -6.6 X 10-3 non-significant 
PTiss ±v'02 5.6 X 10-6 non-significant 
YJB ±0.0006 -1.6 X 10-2 -2.9 X 10-3 
Zvertex ±5 cm -9.3 X 10-4 6.8 X 10-4 
Collinearity angle ±0.05 2.2 X 10-3 -5.4 X 10-3 
'rltrk ±0.1 -3.6 X 10-4 -1.0 X 10-3 
pYrk ±0.03 GeV 5.5 x 10-3 -2.7 X 10-3 
K~ mass window 0.47-0.53 GeV -1.56 x 10-2 
Mass cut to remove A 1.107-1.125 GeV 5.9 x 10-4 
Table A.1: The systematic uncertainties for the K~ total cross section measurement 
in photoproduction. The variable a' represents the cross section measured after 
varying the cuts. When a':;a gives two values with the same sign after variation 
of one specific cut, the larger one is taken for the uncertainty attributed to this 
eut. According to these values, the total systematic uncertainties were determined 
to be +0.6% (upper limit) and -2.5% (lower limit) for the K~ total cross section 
measurement, see Table 7.1. 
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Figure A.l: The relative effect of various systematic variations for A cross section 
measurements in photoproduction processes. 
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Figure A.2: The relative effect of various systematic variations for Kg cross section 
measurements in photoproduction process. 
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Systematic uncertainties for polarization measurement 
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Figure A.3: The relative effect of various systematic variations for polarization mea-
surements in photoproduction process. 
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A.2 DIS Samples 
Since variations of the cuts used and the effects due to these variations were found 
to be similar for both the low Q2 and high Q2 samples, the systematic uncertainties 
for these two DIS samples are described together in this section for both A and K~ 
cross sections. 
• The box cut for low Q2 events and radius cut for high Q2 events were changed 
by ±1 cm. A few cross sections were affected by ,.....,1%, particularly in the 
lowest Q2 region. 
• The scattered electron energy was varied by ± 1 Ge V. The changes of cross 
sections were generally 1,.....,2%. The largest uncertainty (8%) was observed in 
the lowest x region. 
• the value of Q2 calculated from the electron method compared to the DA 
method. This changes the cross sections generally by 1,.....,3%. The effect was 
up to 10% for A cross sections in the low x and low Q2 region. 
• The collinearity cut was varied by ±0.05 and the typical effects on the cross 
sections were around 1 %. 
• The transverse energy of the tracks was changed by ±0.03 GeV and the con-
tributions from this variation were found to be 1,.....,3% for A and less than 1% 
for K~ cross sections. 
• The selection mass window for A was tightened to 1.107,.....,1.125 GeV and the 
mass window for K~ was also changed tighter to 0.47,.....,0.53 GeV. A general1% 
effect was found for all cross sections except the 5,.....,10% effect was shown in 
the high Q2 DIS region for A cross sections. 
• The contributions from variations of the requirements on E - Pz (±2 GeV), 
YJB (±0.0006), Zvertex (±5 cm), TJtrk (±0.1), the mass cuts to reject A from K~ 
selection and the mass cut to reject K~ from A selection were considered. The 
effects arising from these cuts were typically below 1 %. 
A 2% uncertainty due to the luminosity measurement was included for the cross sec-
tion. The uncertainty related to the branching ratio was neglected. The dependence 
of the cross sections on these variations are shown bin by bin in figures A.4 and A.5 
for low Q2 DIS events and Figures A.7 and A.8 for high Q2 DIS events. Figures A.6 
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and A.9 show the similar systematic uncertainties for polarization measurements in 
the low and high Q2 DIS, respectively. 
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Figure A.4: The relative effect of various systematic variations for A cross section 
measurements in the low Q2 DIS region. 
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Figure A.5: The relative effect of various systematic variations for K~ cross section 
measurements in the low Q2 DIS region. 
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Figure A.6: The relative effect of various systematic variations for polarization mea-
surements in low Q2 DIS. 
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Figure A.7: The relative effect of various systematic variations for A cross section 
measurements in the high Q2 DIS region. 
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Figure A.8: The relative effect of various systematic variations for K~ cross section 
measurements in the high Q2 DIS region. 
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Figure A.9: The relative effect of various systematic variations for polarization mea-
surements in high Q2 DIS. 
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Glossary 
ADC: Analog to Digital Converter 
BAC: Backing Calorimeter 
BCAL: Barrel Calorimeter 
BE: Bose-Einstein 
BEC: Bose-Einstein Correlation 
BMUON: Barrel Muon chambers 
~, BN: Baryon N umber 
C5: Collimator 5 Veto counter 
CAL: Calorimeter 
CC: Charged Current 
CTD: Central Tracking Detector 
DA: Double Angle method 
DAQ: Data Acquisition System 
DESY: Deutsches Elektronen Synchrotron 
DIS: Deep Inelastic Scattering 
DST: Data Summary Tape 
EMC: Electromagnetic section of the CAL 
EVB: Event Builder 
FCAL: Forward Calorimeter 
FDC: Fermi-Dirac Correlation 
FDET: The combination of FTD and TRD 
FMUON: Forward Muon chambers 
FTD: Forward Tracking Detector 
~, FLT: First Level Trigger 
GFLT: G lobaI First Level Trigger 
177 
178 
GSLT: 
HAC: 
HERA: 
ILC: 
LHC: 
LO: 
LUMI: 
MC: 
MOZART: 
NC: 
NDD: 
NLO: 
PDF: 
PMT: 
pQCD: 
~, PYTHIA: 
QCD: 
QED: 
QPM: 
RCAL: 
RHIC: 
RMUON: 
RTD: 
SM: 
SLAC: 
SLT: 
SSC: 
SUSY: 
TLT: 
ZGANA: 
UCAL: 
~, 
Global Second Level Thigger 
Hadronic section of the CAL 
Hadron Elektron Ring Anlage 
International Linear Collider 
Large Hadron Collider 
Leading Order 
Luminosity monitoring system 
Monte Carlo 
Glossary 
Monte Carlo for ZEUS Analysis, Reconstruction and Thigger 
N eutral Current 
Normalized Distribution Density 
N ext Leading Order 
Parton Density Function 
Photomultiplier 'lUber 
perturbative Quantum ChromoDynamics 
Monte Carlo simulation implementing a string model for hadronization 
Quantum ChromoDynamics 
Quantum ElectroDynamics 
Quark Partion Model 
Rear Calorimeter 
The Relativistic Heavy Ion Collider 
Rear Muon system 
Rear Thacking Detector 
Standard Model 
Standford Linear Accelerator Center 
Second Level Thigger 
Secondary Scattering Contaminations 
Supersymmetry 
Third Level Thigger 
The omine TLT simulation 
Uranium Calorimeter 
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